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Regular responses to selection 


I. DESCRIPTION OF RESPONSES 


By J. M. THODAY* anv T. B. BOAM 
Genetics Department, Sheffield University 


(Received 9 August 1960) 


1. INTRODUCTION 


A delayed response to selection may be said to occur when a line suddenly increases 
its rate of response without the population’s size or the proportion of individuals 
selected having been changed. Sometimes the acceleration may occur in a line 
which has not shown any response to selection in the immediately previous genera- 
tions. Such responses to selection provide a challenge, for they cannot be simply 
interpreted in terms of changes in the frequency of additive genes. 

For such an acceleration to occur, the genetic variation of the line under selection 
must either increase or become in some way more effective. Either new genetic 
variance must be produced in the line, or genetic variants hitherto present but invi- 
able or ineffective must be rendered viable, or effective on the character under 
selection, through changes in the genetic background or environmental conditions. 
If new genetic variance resulting from mutation or recombination is involved, its 
origin also might result from changes of genotype previously produced by the selec- 
tion, or from special environmental conditions occurring just before the delayed 
response. 

Some extensive selection experiments that have been under way since November 
1953 have produced a number of similar accelerated responses, and seem to throw 
light on this problem generally and also on the more general problem of the factors 
limiting the responses of populations to selection. 

In the present paper the actual responses of the lines will be described and some 
of the general possibilities will be discussed. Attempts to elucidate the nature of 
the genetic changes involved will be described in a later paper or papers. 


2. MATERIAL AND CULTURE METHODS 


The experiments were started primarily with a view to determining whether 
correlated responses might lead to the degeneration of a ‘normal’ phenotype, if its 
maintenance by natural selection was minimized by the use of mutant genes pre- 
venting its development. The character complex chosen was normal wing develop- 
ment, and it was suppressed by the presence of vg homozygous in one line and dp 
in another. After selection the normal wing type should be recoverable by crossing 
the lines, unless the gene complexes upon which its development depends have been 
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significantly altered. This aspect of the experiment will be discussed elsewhere, 
and is merely mentioned here to explain the presence of the mutant genes in the 
lines to be described. 

Selection began in one line homozygous for vg and in another homozygous for dp. 
Each had been rendered heterozygous at other loci by outcrossing the relevant 
mutant stock to an Oregon inbred strain and segregating the mutants. These two 
lines form the starting material for the experiment and all the other lines to be 
described derive from them. Selection began in F;. The character selected for was 
high sternopleural chaeta-number in all the lines except two which were back- 
selected. Assay of a line in any generation was made by counting the chaetae on 
both sides of twenty flies of each sex from each of four single-pair cultures. The 
four single-pair cultures represented four separate female sublines maintained as a 
single population by the rotational mating system described in Thoday (1958a, 
and in Table I of 19585). 

From any such twenty flies assayed, the four with highest chaeta-numbers were 
set up in four cultures and given corresponding mates from the culture with which 
they were to be crossed. The best of these four cultures (that with highest parental 
chaeta-numbers) was intended to carry on the line. The other three were set up 
lest the best fail. To minimize the loss of female sublines, four further flies were 
selected at random from the flies surplus to the twenty counted and set up with 
mates from the appropriate culture. These ‘mass’ cultures were later set up with 
six pairs when some lines became difficult to maintain and some loss of female 
sublines occurred. 

The lines were maintained with a generation every three weeks as described in 
Thoday (1958a). The flies were pre-mated in vials, allowed 96 hours to lay eggs in 
the culture bottles, and the offspring were collected for 4 consecutive days morning 
and evening, the sexes being separated to ensure virginity and the maintenance of 
the mating system. 

Thus, except when all four single-pair cultures of a female subline failed, the 
system ensured that the population size would always be four pairs of flies. 

In some generations, especially the earlier, crosses were set up between the lines. 
These will not be discussed here. Some discussion of them was given in Thoday 
(1955). 

In generation 55, so many lines caused difficulty that all were set up without 
selection from the ‘mass’ cultures. The fact that the assays were due on Christmas 
Day mitigated the disappointment this would otherwise have given. 

Mass (no selection) lines were taken from the lines from time to time. These are 
maintained by six-pair transfers, which are made every 3 weeks so that the number 
of generations of a mass line corresponds with that of the line from which it was 
derived. The results of the assays of these mass lines are listed in Table 1. 


3. RESULTS 


Fig. 1 illustrates the mean chaeta-numbers of most of the lines. Their behaviour 
will be described under headings which are the line designations. 
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Table 1. Mean chaeta-numbers of the mass (no selection) lines 


Mean when assayed in generation 
P A 





Generation Mean at 
Line extracted extraction 34 58 67 78 96 
dp 1 27 29-2 29:0 30:3 29:7 29:2 29-9 
42 29-8 29-2 29-6 
58 30-0 28:8 30-0 
dp 2 27 22-6 22-4 22-4 22-9 22- 21-6 
52 28-7 28°8 25:5 22-2 22-2 
dp 5 57 29-5 29:0 28-6 
vg 4 59 22-8 22-4 21-0 
69 29-0 23-8 23-3 
80 37-4 34-1 
91 36-9 35:1 
vg 6 59 34:2 28:9 27-3 
63 37-6 34:3 35-0 
79 41-5 39-6 
85 45-9 40-0 
93 41-8 43-2 
(a) The Dumpy lines 
Line dp 1 


This is the line in which the accelerated response first occurred. (It was dis- 
cussed briefly in Thoday, 1955.) Initially 19-6 chaetae, the mean of this line rose at 
a steady but decreasing rate until it reached 24-2 chaetae in generations 20 and 21. 
It then rose very rapidly to 28 chaetae in generation 24 and more slowly there- 
after to a plateau at a little below 30 chaetae. At its plateau the line gave 
difficulty. Many single-pair cultures failed and soon after generation 40 all except 
one of the original female sublines were lost. (When a female subline was lost, it 
was replaced by using an extra culture from one of the surviving female sublines.) 
The line was terminated in generation 58 when a mass (no selection) line was estab- 
lished from it. This mass line was assayed in generation 78 when it had 29 chaetae 
showing the line to be stable. 

Another mass (no selection) line had also been established from dp 1 in generation 
27. (See Table 1.) This retained a mean of over 29 chaetae. The line dp 1 was 
therefore stable as soon as it reached its plateau, despite its infertility at the plateau 
when subjected to continued selection. Another mass line was taken out at genera- 
tion 42 with similar results. All these mass lines fell slightly but none have fallen 
below 29 chaetae. 

Line dp 1 is the line which showed evidence of containing in one of its component 
female sublines a cytoplasmic factor tending to increase chaeta-number by about 
0-39 chaetae (Thoday, 19586). Subsequent to generation 40 only this female sub- 
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line survived. The cytoplasmic effect, though definite, is slight and need not worry 
us here. 
Line dp 2 

Line vg 1 (see below) proved remarkably resistant to selection, and to test whether 
this was a result of homozygosity, a low chaeta-number line was taken from it in 
generation 9. At the same time a corresponding line was taken from dp 1, and this is 
the line to be called dp 2. 

Despite the facts that dp 1 had originally only 19-6 chaetae, and that dp 1 must 
be presumed heterozygous for genes affecting chaeta-number in generation 9 
(otherwise it could hardly have continued to respond to high selection), dp 2 proved 
stable against low selection. Low selection failed altogether to reduce the chaeta- 
number of dp 2 significantly, and it remained for fifteen generations a little above 
22. At generation 24 it was again subjected to selection for high chaeta-number, 
to determine whether it was resistant to selection for high as well as for low chaeta- 
number. Shortly after this a mass (no selection) line was established from it, which 
has been stable ever since. Line dp 2 began to respond to forward selection imme- 
diately, and thereafter its behaviour was extraordinarily similar to that of dp 1. 
Fig. 2 illustrates this similarity. The only difference between the two lines is that 
dp 2 has never reached quite as high a chaeta-number as dp 1: its plateau was 
approximately 28-5 chaetae. This difference is hardly surprising, especially in 
view of the fifteen generations of back-selection in the dp 2 line. Selection ceased in 
generation 59 but the line continued to be maintained by the standard mating 
system using the ‘mass’, not single-pair, cultures. It was assayed again in genera- 
tion 67 and, as its chaeta-number had fallen a little, selection was reintroduced. 
The mean recovered. This line appears less stable than dp 1. 

In generation 52 (mean 28-7) when dp 2 had reached its plateau, a mass (no 
selection) line was taken out. This was assayed in generation 58 and its chaeta- 
number proved to be 28-8 (Table 1). dp 2 was therefore presumed stable, hence the 
relaxation of its selection in generation 59 referred to above. This generation 43 
dp 2 mass line was assayed again in generation 67 when it had 25-5 chaetae, and in 
generation 78 by which it had fallen approximately to the original value of dp 2 
during the back-selection period. It was assayed again in generation 96 but had not 
fallen further. dp 2 may therefore be described as metastable: it was stable for at 
least six generations, but capable, under some circumstances at least, of losing all 
the phenotypic results of selection, that is of falling again to the stable level of 
22 chaetae. 

Line dp 2 therefore presents us with three remarkable phenomena. First, its 
resistance to back-selection and subsequent response to forward-selection demon- 
strates that an evidently heterozygous line can resist back-selection despite recent 
response to forward-selection, a fact relevant to theories concerning genetic inertia 
or genetic homeostasis, and to explanations of asymmetrical responses to selection 
(cf. Falconer, 1955). During its period of back-selection, the line showed what 
might be called genetic homeostasis in reverse. 

Second, the response of dp 2 when forward selection was reinstituted was almost 








166 J. M. THopay anv T. B. Boam 


identical with that of dp 1. Whatever made the accelerated response possible was 
retained, despite back-selection. The accelerated responses in dp 1 and dp 2 oc- 
curred after the same number of generations of forward-selection, at the same 
mean chaeta-number, and at the same time of year (January). Almost exactly 12 
months separated the two accelerated responses. This fact may be irrelevant, but 
should not be forgotten. January is, for example, a period of low humidity in a 
constant-temperature room and such environmental factors may not be ineffective. 

The third phenomenon is the metastability of dp 2, which must be taken into 
account when explanations of the accelerated responses are considered. 


Line dp 5 


(Lines dp 3 and 4 will be described in another paper.) Line dp 5 was established 
by crossing dp 1 and dp 2 in generation 48. All four cultures of each parent line 
were involved in the cross. The line was maintained until generation 57 and showed 
no sign of rising above dp 1. dp 1 and dp 2 must therefore be very similar 
genetically and the accelerated response must have had similar causes in both. At 
generation 57 a mass (no selection) line was set up from dp 5. This was assayed in 
generation 78 and had 29 chaetae. The line seems therefore to be stable like dp 1. 


Line dp 6 


Line dp 6 was established in order to test whether the accelerated response 
that had occurred in dp 1 and dp 2 could be repeated. It was taken at generation 
58 from the mass (no selection) line that had been set up at generation 27 from dp 2. 
It was therefore initiated forty-nine generations and close to two years after dp 2 was 
taken from dp 1. Extra precautions were taken to reduce any possibility that this 
line might be contaminated from the others. It was handled in a different part 
of the laboratory at all stages of virgin collection, etc., and was treated as 
independently of the others as facilities would permit. 

This line showed less readiness to respond to selection than its predecessors. 
Nevertheless, after almost the same number of generations of forward selection, 
and at about the same time of year, it showed what seems clearly to be the same 
sort of response. This time the response began at a rather lower chaeta-number 
and seemed more sudden, but the parallel between it and that of the other two lines 
(Fig. 2) is again remarkable. The end-result is a mean chaeta-number similar to 
those of dpl and dp2. It seems clear that the accelerated response is a regular and 
reproducible phenomenon. dp 6 became very infertile as soon as the response 
occurred and is now difficult to maintain. A high proportion of the single-pair 
cultures fail in each generation. 


(b) The Vestigial lines 
Line vg 1 
This, the first vg line, was remarkably resistant to selection. Selection in fact 
seems to have picked out developmentally unstable genotypes rather than high 
chaeta-number genotypes (Thoday, 1955) and it seems that the line lacked effective 
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genetic variation for chaeta-number. This seems surprising in view of the fact 
that vg 1 was started with vg/vg flies newly segregated from an outcross. Other 
lines, established in exactly the same way from the same parental stocks, have 
responded well to selection (Dinsley, 1960) and it seems that ill-luck was in- 


Chaetae per fly 





Generations 


Fig. 2. The accelerated responses. The solid curves show the similarity of response 
of dp 1, dp 2 and dp 6. The curve for dp 2 is plotted by deleting the generations of 
back-selection: that for dp 6 by deleting these generations and the generations of 
mass culture. The dotted curve shows the response of vg 4 plotted so that its 
accelerated response coincides with those of dp 1 and dp 2. All lines are 
plotted to the same ordinate scale. 


volved in the establishment of vg 1. vg 1 was extremely infertile by generation 
31, and even the mass (no selection) line set up from it was lost. 


Line vg 2 


This was a back-selection line taken from vg 1 at generation 9 to test the possi- 
bility that vg 1 lacked usable genetic variance affecting chaeta-number. It 
responded but the response was slight and consistent with the view that vg 1 
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lacked useful variance. It was terminated in generation 31 and a mass (no selec- 
tion) line established. This has survived and is more or less stable. 


Line vg 3 
This line was set up with a view to obtaining a vg line that would respond, by 
transferring genes from dp 1 to vg 1. An F, was made by crossing all female lines 
of dp 1 and vg 1 in generation 8. Two of the four crosses were of each reciprocal 
type. vg/vg segregants were taken from each of the four crosses to establish the 
four female sublines of vg 3. Line vg 3 responded to selection immediately, but 
characteristics of the thoraces of the flies it produced soon indicated that the 
line was rapidly becoming homozygous dp. Males were therefore taken at random, 
progeny tested to dp/dp females and also mated to vg/vg females of line vg 1. Males 
which produced no dumpy offspring in the progeny test and were also successful in 
producing offspring by the vg/vg females, provided the first generation of a new line 
vg 4. 
Line vg 4 
This line responded steadily to selection for ten generations, but then the rate of 
response decreased until it seemed to be reaching a plateau in generations 30-34. It 
did in fact continue to rise slowly thereafter, but, as it seemed to be approach- 
ing a plateau, a new cross to dp 1 was made in generation 34 to establish line vg 5 
and later vg 6. These new lines will be described before description of vg 4 is 
continued. 
Line vg 5 
This line was initiated from F, vg/vg segregants by crossing vg 4 and dp 1 in 
generation 35. dp 1 had by then reached its plateau. vg 5 responded rapidly to 
selection as if it had acquired whatever had caused the accelerated response in 
dp 1. Because of the experience of line vg 3 which acquired dp genes from dp 1, 
vg 5 was treated to give vg 6 in the same way as vg 3 had been treated to give vg 4. 
There was, however, no evidence that vg 5 had acquired dp genes. It seems that 
the distinction between dp | and vg 1 in generation 8 involved a significant pro- 
portion of genes linked to dp (or an effect of dp itself on chaeta-number, which 
would be compatible with the initial means of vg 1 and dp 1), but that, by genera- 
tion 34, dp 1 had such effective chaeta-producing factors not linked to the dp locus 
that selection did not pick out the vg—dp crossovers in line vg 5. 
Though this test showed vg 5 to be free of dp, it was nevertheless thought better 
to continue with vg 6. vg 5 was continued until generation 49, by which time it 
had reached 29-7 chaetae but had been caught up by vg 6. 


Line vg 6 
This line, initiated at generation 43, responded to selection like vg 5, showing at 
first a response similar to, but a little more rapid than that of dp 1 and 2 in their 
periods of acceleration. Thereafter it has responded at a rate which is slower but 
nevertheless seems phenomenal. This response continued for forty-four generations 
with only slight deceleration. The mean chaeta-number of this line has been 46 
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and is now about 44, which is higher than the mean reached with the aid of 
radiation in the lines described by Scossirolli (1953). Fertility is now very low, 
though unselected subcultures do well. 

Line vg 6 clearly shows that the two lines vg 4 and dp 1 contained different genes 
that could be combined to give remarkable advances in mean chaeta-number. 
There seems little reason to doubt that line dp 1 contributed the results of its 
accelerated response (but see vg 4 continued, below). This might be expected to 
raise the mean of vg 6 to about 30 chaetae. But there remains the further 14 chaetae 
raising the mean from 30 to 44 to be accounted for. These must result from the 
conbination of genes from dp 1 with genes from vg 4, and normally one would 
conclude that different genes were fixed in the different lines and that simple 
recombination permitted the favourable genes from each line to be exploited. That 
this is not the whole truth is clear from the later behaviour of vg 4. 

Line vg 6 shows, however, that between them, lines dp 1 and vg 4 contain the 
genes necessary to raise chaeta-number to 44, though dp 1 is certainly stable at 30 
chaetae, and vg 4, at 22 chaetae, seemed very little responsive to selection for high 
chaeta-number. The line suggests that hybridizing ‘improved’ strains, even when 
one of the strains used is comparatively poor compared with the other in regard to 
the ‘improved’ character, may sometimes be well worth while. 

A mass (no selection) line was taken out of vg 6 at generation 59 when the mean 
was 34-2 chaetae. This mass had 29 chaetae when assayed in generation 78. A 
further mass was taken from vg 6 at generation 64 (mean 37-6) and had 34-3 chaetae 
when assayed in generation 78 (see Table 1). That vg6 was unstable at these times 
is to be expected in view of the rapid responses it was then showing. 


Line vg 4 continued 


Line vg 4, as has been indicated above, responded very slowly after generation 
30. There was a rise in mean of 1 chaeta over the next twelve generations which 
took it to about 22-8 chaetae at generation 42. It was still 22-8 chaetae eighteen 
generations later at generation 60. In the light of its subsequent history this is 
a very limited response to selection and a very long period of stability against 
selection. vg 4 was stable at generation 59, for a mass (no selection) line taken out 
then had not altered in chaeta-number when assayed in generation 78. 

In generation 61, vg 4 began once more to respond, passed 24 chaetae in genera- 
tion 65 and then showed a very rapid response to 28 chaetae in generation 78. 
Once again we have a very rapid response, similar to that in dp 1 and dp 2, as soon 
as the line passed 24 chaetae. This time, however, though the response showed 
signs of slowing down as the level of 30 chaetae was approached, a new acceleration 
followed and further rapid response occurred. Until generation 78, when the line 
reached a mean of 36-4 chaetae, the response was more rapid than that of vg 6. 
Response then slowed abruptly and a plateau was reached at a little over 37 chaetae. 

The accelerated response shown by vg 4 is the most remarkable of all. vg 4 had, 
of course, the opportunity to acquire genetic material from dp 1 in generation 9, 
and clearly did acquire such material as is shown by its early behaviour as compared 
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with that of vg 1. This genetic material must be presumed responsible for vg 4’s 
accelerated response once its mean reached 24 chaetae. This occurred at a time of 
year entirely different from that in which dp 1, dp 2 and dp 6 produced accelerated 
responses, and seems to indicate that the time of year is irrelevant and that the 
coincidence of season of the dp accelerations depended solely on the initiation of 
forward-selection from a little over 22 chaetae at similar times of year in each of 
these three lines. 

The behaviour of vg 4 taken in conjunction with that of vg 6 throws light on the 
sources of genetic variation that have permitted these two lines to reach such high 
chaeta-numbers. 

It was suggested above that the response of vg 6 indicated that dp 1 and vg 4 
contained different genes that could be recombined to produce higher chaeta- 
number genotypes. The subsequent history of vg 4 makes it clear that the essential 
factor that vg 6 obtained from dp 1 was that or those responsible for the accelerated 
response of dp 1 which took dp 1 to about 30 chaetae. Much of the remainder of 
the genetic variation that raised chaeta-number to 44 in vg 6 must have come from 
within vg 4. But it must have been held in vg 4 in some unexploitable form, for 
vg 4 showed negligible response to selection for twenty-four generations after vg 5 
was made by crossing vg 4 and dp 1, and eighteen generations after vg 6 was made 
by crossing vg 4and vg 5. The fact that vg 6 caught up vg 5 (see p. 168) also implies 
the importance of sources of variance in vg 4. 

Yet again vg 4’s later history shows that this variance could be rendered exploit- 
able by changes within vg 4 itself, and that it was in these circumstances more 
rapidly exploitable as if the cross with dp 1 in the origin of vg 6 had involved a loss 
of some of the potentialities of vg 4, though of course it presumably involved the 
gain from dp 1 of the sources of variance that raised vg 6 from 37 to 44 chaetae. 

Experiments designed to analyse the genetic differences now distinguishing these 
lines, the results of which will be published later, indicate that vg 4 now contains 
a genetic ‘factor’ the same as or similar to that responsible for the accelerated 
responses in dp 1 and dp 2 (dp 6 has not yet been tested). It seems that a similar or 
the same ‘factor’ was produced in vg 4 as that transferred into vg 6 from dp 1. It 
follows, therefore, that vg 4 must have carried, throughout its history, the capacity 
to produce this ‘factor’, and also some source of potential genetic variance that 
could only be exploited after the genotype had been changed by the introduction 
of this factor. To account for the rapidity of the rise of vg 4 from 30 to 37 chaetae, 
it must have been a very powerful source of potential variation. 

The behaviour of vg 4 seems most important from the point of view of selection 
theory, for it implies that genetic variance must sometimes be of a kind that has 
to be exploited in a particular order. Hence we must presume that it is possible to 
lose genes in the early history of a selection line, that might be most valuable in its 
later history. Crossing an improved variety to the unimproved stock from which 


it originated, and then reselecting, might in these circumstances be a profitable | 


operation. 
A mass (no selection) line taken from vg 4 in generation 69 (mean 29-0) had fallen 
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to 23-8 chaetae when assayed in generation 78. vg 4 shows the same instability as 
vg 6, though the rate of fall of the vg 4 mass seems to be higher than that of the two 
vg 6 masses. Later mass (noselection) lines from vg 4 and vg 6 wererelatively stable 
(Table 1). 


4. DISCUSSION 


Description of the lines in previous pages has covered a number of points. This 
discussion of the results will be confined to consideration of the accelerated re- 
sponses, mainly those accelerated responses which occurred in the related lines 
dp 1, dp 2, dp 6 and vg 4 when they reached means of about 24 chaetae and rose 
thereafter in a few generations to 28 chaetae or more. 

There seem in principle to be four possible classes of explanation that might 
account for these accelerated responses: contamination, mutation, gene-interac- 
tion andrecombination. Explanation might involve combinations of some of these. 


(i) Contamination 


It is always difficult to rule out contamination as a possible cause of any parti- 
cular genetic change in an experimental population. To rule it out absolutely is 
impossible. Contamination, however, seems most unlikely to be the cause of the 
accelerated responses that occurred in these lines, for the reasons which follow. 

(a) The lines are normally handled with care. Collection of virgins, setting up 
cultures, etc., is always done so that dp and vg lines are handled alternately. 
Accidental transfer of flies from one line to another would therefore be most likely 
to involve contamination of vg lines with dp flies or dp lines with vg flies and would 
immediately be detected. dp flies have never been found in the cultures of any vg 
line (except of course vg 3), neither have vg flies been found in any dp line. Crosses 
between the dp and vg lines still produce wild-type wings, but neither wild-type 
flies nor any other contaminants have ever been found in any culture. Further, 
line dp 6 was handled with extra precautions (see p. 165) and these did not prevent it 
showing the accelerated response. 

(b) There were no other high sternopleural chaeta-number stocks of dp flies in the 
laboratory when dp 1 showed its acceleration, which indicates that the dp 1 acceler- 
ation cannot have been caused by contamination. dp1 is the only possible source 
of contamination for dp 2, dp 1 and dp 2 for dp 6, and vg 6 seems the only possible 
source for vg 4. (Certain other high vg lines were being maintained independently 
by Miss Dinsley, but it does not seem plausible to regard these as a source for 
contamination of vg 4. They were maintained in different parts of the culture room 
and handled in a different laboratory.) Of these possibilities, the contamination of 
vg 4 by vg 6 can virtually be ruled out on internal evidence. Until generation 67, 
assays of vg 4 never gave a fly with more than 31 chaetae. Assays of vg 6 never 
gave a fly with less than 32 chaetae after generation 63. 

(c) Far more cogent evidence is provided by experimental contamination. This 
has been carried out using dp 6 just before it showed its rise and deliberately 
contaminating a culture with a fly from dp 1. The effect of contamination was 
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immediately detectable. The contaminated culture had a mean chaeta-number of 
26-3, whereas the other three cultures had means of 22-7, 22-4 and 22-3. Repeti- 
tion by contaminating dp 6 with dp 2 gave similar results. This evidence seems to 
rule out such contamination altogether as a source of the responses. 

(d) In any case, it would be odd if contamination always occurred when a line 
approached 24 chaetae, but never occurred at other times! 

The possibility of contamination has been discussed to a length that may seem 
unnecessary. It does, however, seem most important to show that contamination 
is not a plausible hypothesis, and hence that we are dealing with a regularly repro- 
ducible phenomenon that depends only on changes within the lines themselves. 


(ii) Mutation 


Mutation is a possible source of the variation that permitted the accelerations of 
response to selection. However, simple mutation of the type normally considered 
in genetic theory does not seem a plausible postulate for the following reasons: 

(a) The mutation rates that would have to be postulated are high. The number 
of gametes tested in the different lines before the accelerated responses occurred are 
known, and are lower than would normally be required before a particular mutant 
turned up. If it be assumed that the same mutation was involved in dp 1 and dp 2, 
for which there is some evidence (p.165), and dp 6, the joint mutation rate is 2 x 10-4, 
which is definitely high. 

(6) ‘Random’ mutation in the lines should produce the same response to selection 
as should contamination, that is one culture should suddenly increase in mean, and 
this did not occur. Against this it might be argued that the mutant gene when it 
first arose may have been either less effective on chaeta-number (e.g. less dominant), 
or less viable, until further selection had picked out modifiers that increased its 
effects or improved its viability. These are possibilities for or against which evidence 
may be obtained later. The evidence so far obtained suggests that the accelerated 
responses depend on a factor in the left arm of chromosome III which is perfectly 
effective and adequately viable when removed from the background of dp 1. The 
viability modifiers, etc., would therefore have to be linked to the mutant locus, and 
we would be involved in mutation and recombination in explaining the responses. 

(c) Ordinary ‘random’ mutation could hardly account for the fact that the 
accelerated responses all occurred when the lines had reached the same order of 
number of chaetae. 

The most cogent of the arguments aboveis (c). It seems that, if mutation were the 
source of the accelerated responses, the mutation would have to be one which only 
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fallen to a low level (see Lerner, 1954; Thoday, 1958a) and that this led to a loss of 
control of gene-reproduction in the line and, hence, to an overall increase of muta- 
tion rate, so that the probability of effective mutation to high chaeta-number genes 
was greatly increased. This hypothesis might account for the results and for the 
continued responses of vg 4 and 6 beyond the 30-chaetae level, but it seems highly 
improbable that the very high mutation rates that would be required should occur. 
The number of gametes tested after 22 chaetae had been reached and before the 
major responses is only 2400 in dp 1, 2240 in dp 2, 2560 in dp 6, and 4640 in vg 4. 
The third hypothesis is that of directed mutation. The responses can be accounted 
for in terms of mutation if we suppose that the physiological situation in 24-chaetae 
lines causes a change in gene-production of a kind that results in the appropriate 
mutant genes. This is the same speculation as that to which Waddington (1958) 
was led as a result of finding the same gene in different lines with similar histories 
of selection. The hypothesis would account formally for the present responses, but 
it seems undesirable to invoke it until all alternatives can be eliminated. 


(iii) Gene Interactions 


It would be possible to account for the accelerated responses in terms of gene 
interactions. A line would on this view have to be heterozygous for alleles either 
neutral in their effects on chaeta-number in a genetic background giving a chaeta- 
number below the critical value, or homozygous lethal in such a background. 
Selection of other genes would be responsible for the rise of chaeta-numbers to the 
critical value at which complementary action of these other genes and the hitherto 
neutral pair would lead to one of the two neutral alleles becoming a very effective 
chaeta-number increaser or viable when homozygous if lethal before. Put in another 
way, the background genes would be chaeta genes ‘in their own right’ but after the 
critical chaeta-number had been reached would become powerful modifiers of the 
‘key’ locus, modifying either its effects on chaeta-number or on viability. 

Such gene interactions must occur, for they seem necessary to explain the response 
of the line vg 4 above 30 chaetae. But it seems most unlikely that they can account 
for the main delayed responses from 24 to 30 chaetae in dp 1, dp 2, dp 6, and vg 4. 

Assays have been made that seem successfully to locate the ‘factor’ responsible 
for the accelerated response in the se-cp region of linkage group III. These assays 
have been made on foreign backgrounds, some of which give means lower than 21 
chaetae for the flies possessing the ‘factor’ in the heterozygous state. To account 
for these assays, the modifiers would have to be closely linked to the key factor so 
that, like the ‘random’ mutation hypothesis, this hypothesis would also have to 
invoke recombination as a factor in the origin of accelerated responses. 


(iv) Recombination 
Recombination could account for the responses, provided that it could be sup- 
posed that the lines all carried linked repulsion-phase complexes of genes affecting 
chaeta-number, such as Mather (see 1943, 1953) has demonstrated occur in wild 
flies and in laboratory stocks. Breakage of the linkage and the production of 
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coupling-phase recombinants would provide the new source of effective variance 
exploited in the accelerated response. Cistrans position effects might or might not 
be involved. The frequency of the responses in terms of gametes tested (p. 171) is 
not high in terms even of tight linkage. There is already some evidence (Thoday, 
1960) that the ‘factor’ in chromosome III is a complex involving more than one 
locus. This evidence is consistent with a recombination hypothesis, such as that 
to which Sismanidis (1942) was forced when he wished to account for some 
regularities in his results. 

Such recombination would also have to be restricted in such a way that it was 
only likely to occur when a line approached 24 chaetae. This, however, seems not 
impossible for there are two mechanisms that might give such results. 

The first mechanism does not involve change of recombination frequency with 
changing chaeta-number. We postulate a pair of tightly-linked loci affecting chaeta- 
number such that the population contains some individuals heterozygous + —/— +, 
the chromosome + — giving a slightly higher chaeta-number than the chromosome 
—+. We postulate that +-— is relatively rare and that — + is relatively common. 
The frequency of heterozygotes will be low. Selection will then raise chaeta-number 
by raising the frequency of + —, and will consequently raise the frequency of hetero- 
zygotes. As the frequency of heterozygotes is raised, so the probability of picking 
up the rare recombinants only heterozygous females can produce will rise, and the 
probability of obtaining recombinants will rise with mean chaeta-number. A certain 
regularity in the relation of the accelerated response to the course of selection would 
result. It does not, however, seem probable that this mechanism would provide a 
degree of regularity comparable with that found in the experimental lines. The 
populations have only four females and four males as parents per generation. The 
lowest possible frequency of the less frequent chromosome is therefore 1/16. The 
lowest probability of a heterozygous female would then be 1/2 and the probability 
of there being at least one recombinant in the forty offspring of the heterozygous 
female that are assayed would be (1—(1—7)*)/2, where r is the recombination 
frequency in females. The highest possible frequency of heterozygous females is 1 
per pair of parents, and the probability of there being at least one recombinant 
among their 160 assayed offspring would be 1—(1—r)!®°, When is 0-1 or more, the 
two probabilities are 0-49 and almost 1-0. When r is 0-05, they are 0-44 and 0-99, 
and with r 0-01 they are 0-17 and 0-80. Unless, therefore, r is quite small there 
seems insufficient scope for change in the relative probability of recombinants 
occurring to account for the regularity of the response, unless for some reason 
heterozygous +—/—+ males were much more likely to be selected than the 
corresponding females. This hypothesis, however, cannot be ruled out, especially 
if we consider that some viability interactions may also be involved. 

The second explanation invokes the known capacity of change of genotype to 
change recombination frequencies and recombination spectra. 

Rees (1955) has shown that meiosis is relatively uncontrolled in Rye suffering 
from inbreeding depression and we may expect similar consequences from the 
unbalance to which selection gives rise. Further, the well-known effect of inversion 
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heterozygosity on recombination in other chromosomes not only involves increased 
frequencies of crossing-over, but relatively large increases in crossing-over in regions 
where crossing-over is normally rare (Schultz & Redfield, 1951). Such changes 
might result in the production of crossover types in a line approaching 24 chaetae, 
which had not occurred at all, or had occurred only rarely, in the previous history 
of the line. The dominant effect of the crossover chromosomes would account for 
the rise to 24 chaetae, and the rise to 28 would be due to their homozygous effect. 

The difficulties of the recombination hypothesis lie in explaining the maintenance 
of the repulsion phase heterozygosity for so long in populations as small as those 
used in this experiment, and especially in the back-selection phase of dp 2. They 
would have to be fairly tightly linked and would have to have effectively the pro- 
perties of balanced lethal systems. We have, however, clear evidence from dp 2 in 
its back-selection period and from vg 4 that the lines did maintain heterozygosity. 
Relationally balanced systems such as Mather (1943, see also Mather & Harrison, 
1949) has discussed, involving overlapping complexes of chaeta-number and ‘fer- 
tility’ genes, could have the required properties, and the merits of this hypothesis 
render if attractive. 

It may seem that the metastability of line dp 2 argues against recombination as 
the source of the gene-complex responsible for its rise to 28 chaetae. If, as seems 
possible and is not contraverted by the assays of the lines that have so far been 
done, the line at 28 chaetae was homozygous for the ‘factor’ we presume to have 
been produced by recombination, then we would have no explanation other than 
mutation for its loss. We would then be forced to invoke recombination as re- 
sponsible for the building of the ‘factor’ and mutation as responsible for its loss. 
This, however, seems reasonable. A single mutation can ‘destroy’ all the zygo- 
morphic pattern of an Antirrhinum flower, though its evolution must have involved 
many selective steps. Likewise a single mutation, affecting only part of the pattern 
which we call a major-gene, can destroy the enzyme-producing capacity of the whole. 
Now that we know that genes of specific effect are highly complex patterns composed 
of smaller genic units (e.g. Benzer, 1959; Pontecorvo, 1959) we are surely forced to 
the view that they must have been built up by stages in evolution. That they can 
be broken down by single mutations is not incompatible with this, and provides clues 
only to their structure not their origin. 

We therefore consider that the results are most plausibly explained in terms of 
recombination. Further study of the chromosomes that can be extracted from the 
lines may provide evidence permitting critical tests of this hypothesis. 


SUMMARY 


1. Several lines of Drosophila melanogaster have been selected for increase of 
sternopleural chaeta-number. 

2. Three lines of the same origin, dp 1, dp 2 and dp 6, showed remarkably similar 
patterns of response involving an accelerated response from 24 to 28 chaetae and a 
plateau at about 30 chaetae. A line formed by crossing two of these was not re- 
sponsive to selection, suggesting that the two parent lines were genetically similar. 
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3. A fourth line, vg 4, related to these others, showed a similar accelerated 
response but continued to respond beyond 30 chaetae, reaching a plateau at about 
37 chaetae. 

4. A further line, vg 6, set up by crossing two ‘improved’ lines, one with 30, the 
other with 22 chaetae, reached 46 chaetae and suggests there may sometimes be 
merit in selecting from the hybrids of ‘improved’ strains. 

5. It isargued that the event making possible the accelerated response is probably 
a recombinational event. 

6. The line vg 4 clearly demonstrates that some of the genes that may be ex- 
ploited in a selection experiment have to be exploited in a particular order because 
of gene interactions. 


The senior author wishes to acknowledge a grant from the Agricultural Research Council 
which materially assisted the work described in this paper, and to thank Dr W. F. Bodmer for 
criticism of the manuscript. 
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Effects of dominance and size of population on response to mass 
selection* 
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Department of Genetics, North Carolina State College, U.S.A. 
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A theory of mass selection has been developed for a large genetic sample and its 
application for predicting the actual change of certain genetic parameters, such 
as the mean value of a character in the offspring population from selected parents, 
is widely made by plant and animal breeders. In this theory the amount of change 
in mean yield depends upon the relative proportion of the additive genetic variance 
to the total variance on the phenotypic measurements in the parental populations 
and upon the intensity of selection, usually, in terms of selection differentials. 

In practice of mass selection, however, the evaluation of genotypes is always 
conducted with a finite number of individuals. In some cases the number is so 
small that the application of the theory formulated for a large population may be- 
come very erroneous. In this paper a few aspects of mass selection conduted in a 
small genetic sample will be considered. More specifically, the purpose of this 
paper is threefold: (1) to obtain the expression of the expected change in gene 
frequency, (2) to derive an approximate variance of the gene frequency change, 
and (3) to evaluate the effects of dominance on responses to mass selection, when 
a small number of organisms are tested. Thus, a few concepts hitherto discussed 
intuitively and qualitatively in regard to consequences of selection in a small 
population can be presented more quantitatively in terms of selection intensities, 
sample sizes and gene actions. 

Although a single locus with two alleles is primarily considered, the basic 
framework and method of the approach employed in this paper are not necessarily 
limited to the situations with one locus. The results, however, may be subjected 
to considerable changes, if joint effects of different genes and linkages among loci 
are marked. Generalization of the findings from a single locus situation to many- 
loci situations will be discussed only when genes do not exhibit epistasis and they 
are in equilibrium with respect to linkage. 


SCHEME OF SELECTION 


Since the term mass selection is often used in a very broad sense, it appears 
necessary to describe explicitly the procedure of selection to be discussed in the 
present study, along with an introduction of notations to be used. 


* Contribution No. 1225 of the Journal Series, North Carolina Agricultural Experiment 
Station, Raleigh, North Carolina. This work was supported by a grant from National Science 
Foundation. 
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Let N individuals be a random sample of diploid organisms taken from a large 
genetic population G. The G can be a potential or conceptual population which 
is sometimes called a gene pool. The gene frequency at a locus, say A-a, in G@ is 
denoted by q for allele A, and the zygotic frequencies of types, AA, Aa and aa, 
are represented by U,, U. and Us, respectively. 

The genetic sample consisting of the N random individuals is evaluated in a 
performance test with respect to a certain quantitative character, of which the 
value is denoted by Y. The Y’s are expressed in terms of the phenotypic standard 
deviation, o,, of the original population G. The density distribution of the charac- 
ter in G@ is denoted by ¢(Y) with the mean Y. Furthermore, let ¢,(Y), ¢:(Y) or 
¢;( Y) be the density distributions of Y, when the genotype at the locus in question 
is given as AA, Aa or aa, respectively. Their means are symbolized as Y,, Y. and 
Y, and the deviations of the respective means from Y are written as d,, d. and ds. 
All of these distributions are assumed to be similar bell-shaped ones. The genotypic 
variance of the character contributed from the locus in question is U,d?+U,d3+ 
U,d3, which in turn becomes a heritability component in broad sense. This com- 
ponent is usually a small fraction for a given locus. 

Now the measurements on N individuals are recorded from the performance 
test. The n best performing individuals are selected according to the rank of Y’s, 
and will be used as parents of the following generation. The intensity of selection 
in this procedure is then expressed by a fixed proportion, n/N, while the point of 
truncation is not fixed but varies as a random variate. Let Y, be the value of this 
random variate in a particular test. Then the Y, is an order statistic and its density 
distribution is 


7 pom N! n N-n-1 y 
Yo) = aoe capt PP Yo) (1) 
where P= | ¢(Y)dY = U,P,+U.P.+U5P; 
Yo 
and P, = { s(vyay, P, = | ¢(ryay and PP; = [{ 4,(¥)dY 
Yo ° Yo 


EXPECTED CHANGE OF GENE FREQUENCY 
The change of gene frequency after one trial of selection depends upon the 
relative numbers of selected individuals having AA, Aa and aa genotypes. Let 
M1, Ny and nz (i.e. N—N,—MNz) be the numbers of AA, Aa and aa individuals in 
the selected group, respectively. The joint distribution of n,, n. and ng for a given 
value of Y, is multinominal with 
Means: nm, = nU,P,|P; No = nU-P,|P; nN, = nU;P,/P (2) 
Variances: V;,, = nU,P,(P—U,P,)/P"; Vi. = nn 
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Covariances : 
Cov’ (n,.%2) = —nU,P, U.P,/F*: Cov’ (n,.73) = —nU,P, U;P,/P?; 
Cov’ (nz.%3) = —nU,P, U;P,/P* (4) 
where prime (’) stands for ‘conditional on Y,’. 


In order to obtain the means of n, and 7, for all possible Yo, 7%; and 7; are to be 
integrated over the distribution of Y, given in (1). Then 


, _¢ Pp 
i, = aU, | Bsa, 


. (5) 
N, = nU, | “2 7(¥.)AY 
which can be approximately written as 
n, = nU, | ——— (Y))dYo 
(6) 
jip = nU- eo f(Y%)dYo 


The approximation used in (6) is not good unless d, and d, are small enough so 
that d? and dj are negligibly small compared with d, and dz, respectively. 

A rigorous mathematical principle to obtain the values of the integral form in (6) 
is discussed by Ruben (1954) in connexion with the moment of order statistics, 
but the application of his principle seems to be hopelessly complex for the present 
case where n takes an arbitrary number. A rather simple argument to obtain 
approximate solutions for (6) is used (see Appendix), and the results are 


TIT 5 ta 1 Ue ie ta 1 mio a - 
ny ee —— (Fo) (Yo) ++» (7) 


My = nUy+ NU sds] HY p+z Tae Yo) Us( Yo) +3 OF 0) Us( Yo) + a (8) 


where Y, is the mean of the nth largest observation in a random sample of size 
(N—1); 4(¥o), 6"(Yo), ¢”(Yo), ete. are the density function, 4(Y), its second, 
third, ete. derivatives, all evaluated at Y,; and u2( Yo), u3( Yo), ete. are the second, 
third, etc. central moments of the nth largest observation in a sample of size 
(N —1) taken from the distribution, ¢( Y) 

Now the change in gene frequency from a single trial of selection is 


i= Ss 

and its expectation is 

27, + Tis 
2n 


E(4q) = 





—¢ (9)’ 








180 KEN-ICHI KOJIMA 


Substituting (7) and (8) into (9)’, it is found that 


E(4q) = (Usd, + 0 sds) (10) 
where 
NT ow. laee " see » 
k = 7 [#4 Po)+58°(Fo ma Yo) +5) 8" Fo) Yo) +---| (11) 


In the equation (10) the values of U, and U, are arbitrary except that U,+ U.+ 
U,;=1. When the parental population is in Hardy-Weinberg equilibrium, the 
expression (10) becomes 

E(Aq) = kq(1—9)iq(¥1— Y2)+ (1-9) (Y2— Y¥3)} (12) 
This form is very similar to the well-known expression for the change of gene 
frequency derived from large sample theory; i.e. the form being the additive 
genetic comparison multiplied by kq(l—gq). Furthermore, if N becomes large 
without changing n/N and if ¢( Y) is normal, then k is equal to N/nd( ¥,), because 
Uo( Yo), Us( Yo), ete. diminish. The k value in such a case is often written as 7, and 
called selection differential. The expression of k given in (11) may be called a 
generalized selection differential, since it is not restricted by the size of sample and 
the form of phenotypic distribution. It has been known that the selection dif- 
ferential for a finite population can be computed by using the table of ranked 
normal deviates (e.g. Fisher & Yates, 1953), when the phenotypic distribution is 
normal. An evaluation of the expression for k in formula (11) will be made in a 
later section. 


VARIANCE OF CHANGE IN GENE FREQUENCY 


From the formula (9) the variance of 4q is written as 
; 1 . , r 
Vag = he {4V,, + Vn, +4Cov (n;, r2)} (13) 


In order to spell out (13) in terms of genetic parameters, the variances and co- 
variance of n, and , conditional on Y, given in (3) and (4) must be integrated 
over the distribution (1). They are 


V,, = nU,(1—U,)+nd, U,(1—2U,)k 
V,, = nU(1—U.)+nd, U(1—2U2)k 
Cov (,,%2) = —nU, U,—nU, U.(d,+d.)k 


when the same order of approximation is permitted as in the case of 7, and 7. 
Substituting these variances and covariance into equation (13), the variance of 
Aq becomes 


‘ 1 ee = ] 
Vag = _4-g—Z el a+ — k(U,d, + $U2d3)(1—2q)— 7 kU de (14) 


When the parental population is in Hardy-Weinberg’s equilibrium, i.e., 


U,=¢q@ and U, = 2q(1-4q), 
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the variance, (14), becomes 


— 
Vtg = SAD (0 4 24(1— 9) (dy + dy — 2d) +d 
. Ee . 
or Vig = 9) {1 +9(1—q) Bk + (1—2q) ak} (15) 


where « is the additive genetic comparison defined in (12) and f is the dominance 
comparison defined by (Y,+ Y3;—2Y2). 

A few special cases are considered: 

1. N =n; when k is defined to be zero for N = n (because of the approximation 
used in deriving /, the value of k& is not exactly zero at N = n), then 


da 2n 
2. No dominance; Y,+ ¥3;—2Y.=0or Y,—Y.=Y.2—Ys, then 
r 1- . a ea 
Vag = a In q) (1+h(¥,— ¥2)(1—29)} 


3. Complete dominance; Y, = Y2, then 


q(1—q) 


2n 


Vig = (1+ k(¥) — ¥3)(1—g)(1—39)} 

The variance in (15) can be partitioned into two factors; one from pure sampling, 
without selection, that is, g(1—q)/2n, and the other which reflects the effect of 
selection on the variance of 4g. The latter effect can be positive or negative 
depending upon the interrelation between the gene frequency, q, in the parental 
population and the level of dominance measured by h =8/(Y3;—Y,). Figure 1 
presents this interrelation, in which any point falling in the region surrounded by 
heavily drawn boundaries (S in Fig. 1) results in V4, being less than (1 —q)/2n, 
and V4, is larger than q(1—gq)/2n, when the point falls outside of the region S. 
With no dominance (hk = 0), the variance with selection for allele, A, is smaller 
than that expected from the pure random drift in a population of the same size 
when q is higher than }. As the level of dominance increases, the region § widens. 
With complete dominance ( = 1) this relation between the two variances holds 
for gq > }. As h becomes larger, the upper and lower bounds for S tend to approxi- 
mately g = 0-79 and q = 0-21, respectively. Thus one can expect that selection for 
higher performance reduces the size of variance of 4g in comparison with the 
variance due to the genetic random drift when the gene frequency ranges from 
intermediate to high. 

When the value of gene frequency and the intensity of selection are given, the 
variance of change in gene frequency is a function of only the additive and domi- 
nance comparisons. As it is easily seen in (15), the higher the degree of dominance 
the larger the reduction in the variance. As to the additive effect, a larger additive 
comparison results in a greater reduction in the variance, provided gq > }. It is 
important to note that the magnitude of these comparisons is expressed relative 
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to the size of the total phenotypic standard deviation, o,. Hence, a locus with 
larger comparisons in a population is subjected to less random variation than a 
locus with smaller comparisons in the same population, when the gene frequencies 
at the two loci are comparable in size. 


1-0 


0-3 


0-2 0:4 0-6 0-8 1:0 1:2 1:4 1:6 1°8 2-0 
re 


Fig. 1. The region, S, in which the variance, V4,, from mass selection is smaller 
than the variance from random genetic drift when the same number of indi- 
viduals are taken from a population (see text). 


q: Gene frequency 
h: Dominance level 


EXPECTED GAIN FROM SELECTION 


The predicted gain can be defined as the expected difference between the mean 
of an offspring population produced by selected individuals and the mean of a 
reference population. In this paper the population in Hardy-Weinberg’s equili- 
brium with the same q as in G is considered as the reference population. Random 
mating among n selected parents is assumed. Let Y’ stand for the mean of an 
offspring population, while Y is the mean of the reference population. Both 
populations can be assumed to be infinitely large. 

In an offspring population the gene frequency is (q¢+4q), then the difference, 
Y’— Y, from a single trial of selection is equal to 


AY = 24q{q(¥,— Y2)+(1—q)(Y2— Y3)} +(49)?{¥i+ ¥3—2Y} (16) 
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when 4Y is measured in terms of o;. The first term in (16) is proportional to the 
additive comparison, {q(Y,— Y.)+(1—q)(Y2—Ys)}, and the second to the domin- 
ance comparison, {Y,+ Y,;—2Y,.}. Then, the expectation of 4Y or the predicted 
gain is equal to 
2H (Aq) «+ {B(4q)}*B+Va,B (17) 

Now each term in (17) isevaluated stepwise. The first term is equal to 2¢(1 — q)«”k, 
which is equal, in turn, to koz, where o2 is the additive genetic variance (Kojima, 
1959) or the heritability since the character is measured by o;. This term is equiva- 
lent to the expression of the conventional prediction equation, ic?, except that k 
is a generalized value of 7. The term, therefore, represents the expected change in 
the mean of population associated with a linear (or additive) effect of genes. 

The second term can be written as 


ko2 

“S* kq(1—9) B. 
According to Kojima (1959), the quantity, g?(1—q)*f", is equal to the dominance 
variance. Then the second term becomes 


+ $(koz) kag 


where the sign depends on the direction of dominance. When the allele A is 
dominant over the allele a, i.e. Y; — Yz < Y.— Ys, the sign is negative, and positive 
otherwise. Then this term represents an increment, negative or positive, onto the 
value of E(4Y) when there is dominance. The magnitude of this contribution 
is proportional to the gain due to the linear effect of genes, (ko), and to the degree 
of dominance measured by ag. 

The nature of the third term V 4,8, is quite different from that of the previous 
two terms. While the previous two were directly proportional to the linear effect 
of genes, the third term does not depend on the linear effect but is proportional 
to the variance in the change of gene frequency. As given in formula (15), this 
variance is composed of two factors. One is the sampling variance of n parents 
taken from the population without selection (i.e. the variance due to the genetic 
random drift), and the other is a factor which modifies the sampling variance as a 
function of the genetic effects and the selection differential. 

The sign of the contribution from the third term to E(4q) depends again on the 
direction of dominance as it was in case of the second term. The third term can be 
written as + V4,02/q(1—q), where + is used when Y,— Y. < Y,— Ys; and — when 
Y,-—Y,.>Y.2-Ys3. 

Summing up all three terms in (17), the expected gain is equal to 


hoz — 4(koz) kog — V4qo8/9(1 —9) (18) 


when the heterozygote is better than the mean of the two homozygotes, and 
otherwise 


ko2 + 3(ko2) kog + Vaqog/q(1—9) (18)’ 
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Roughly speaking, the first term represents an increment due to the additive 
effect, the second modifies the first term according to the direction and degree of 
dominance, and the third term represents the joint effect of dominance and 
inbreeding due to the finiteness of sample size. When n and N become large, the 
last term in (18) or (18)’ tends to zero, and E(4Y) becomes a function of o2 and 
og. The gross effect of dominance on E(4Y) is obvious; with B <0, E(4Y) is 
affected downwards, and with f > 0, upwards. 

When there is no selection, i.e. k = 0 and E(4q) = 0, the total expected gain is 
equal to +(og/2n). This is the change of mean due to the random fixation of the 
locus. When the heterozygote is superior to the mean of the two homozygotes, 
the change is negative. This value, —(og/2n), is nothing but the amount of in- 
breeding depression due to dominance and the finiteness of the sample. On the 
other hand, with dominance such that Y,— Y, > Y.—Ys3, the mean of the off- 
spring population tends to increase by + (og/2n), through the increase of homo- 
zygosity. 

For the purpose of an illustration of the theory developed in this section, the 
ratio, E(4 Y)/ko2, is examined as an indicator of discrepancy between the expected 
gain and the gain by the usual prediction equation for one locus with complete 
dominance. Substituting into (18) the expression for V 4, is given in the previous 
section, the ratio becomes 

. 1 (13g) 


aan _ | a? oo See eA og 
1— }39q(1—9)(¥i1— Ys) 4nk(1—q)?(¥,—Y.s) 4n(1—9) (19) 





As an example let ¢ = 3, n = 10 and N = 50. For (Y,— Ys), which is the difference 
between the two homozygotes, 0-1 may be assigned. With these specifications, 
o; = 1/800 and of = 1/1600 for this locus, and k = 1-37. The ratio in question is 
0-28. Since the ratio has to be 1 for complete agreement between the expected 
gain and the gain predicted by koZ, this ratio, 0-28, means 72%, overprediction by 
the usual prediction equation. When 0-2 is assigned for (Y,— Y;), then o2 = 1/200; 
oR = 1/400 and the ratio becomes 0-63, indicating 37 °/, overprediction. 


DISCUSSION 


A numerical evaluation of the selection differential derived in (11) can be made 
when ¢(Y) is normal. In Table 1 the exact values (Y,) for the selection differential 
computed from the tabulated values of normal order statistics in Fisher and Yates’ 
Table (1953) are compared with the approximate values computed from the first 
and second terms in formula (11). For the expression of u,(Y,) the asymptotic 
variance of Y, is used; that is, 


aa -n +1) - 


where the Y, is the mean of the is vali value in a sample of size N. The 
discrepancies between the corresponding k and Y, are surprisingly small, even 
though only the first two terms in (11) are used for the computation of k. This 
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remarkably good agreement may be a peculiarity when ¢(Y) is normal, but does 
provide a mean for checking adequacy of formula (11). It should be noted that the 
formula for k possesses only some theoretical interests when the distribution of 
phenotypes is assumed to be normal. For practical purposes the average of top 
m values in Fisher and Yates’ tabulation will serve a better role for the selection 
differential if ¢( Y) is normal. When the distribution is non-normal, the formula for 
k can be used to obtain appropriate values of k by using asymptotic formulae for 
Yo, Uo( Yo), ete. 

Generalization of the findings from one-locus situations to many-loci situations 
is possible to a certain extent. The expressions for the expected change of gene 
frequency given in (10) and in (12) are general for any single locus in an epistatic 
system, as long as P; = P+d,4(Yo) and P, = P+d,¢,( Yo) hold approximately. 
Such is the case when ¢(Y), ¢,(¥Y) and ¢,(Y) are similar in shape, and d, and d, 
are small fractions. This generalization holds true for the expressions of the ex- 
pected variance of gene frequency changes. 

The formulae for the expected gain in (18) and (18)’ are specific for one-locus 
situations. When no epistasis and no linkage disequilibrium are assumed, they 
can be combined over more than one locus as 

E(AY) = kok + $h* & (oz); +B {Vtg op/a(1—4)} 
where o% is the total additive genetic variance as the fraction of o7 or the herita- 
bility. The summation is taken over different loci. The sign is + when the 
heterozygote of the locus is inferior to the mean of the two corresponding homo- 
zygotes, and — when the heterozygote is superior. Main use of this combined 
formula is to point out what kinds of biases are expected in the well-known 
prediction equation, icf. The first and obvious bias arises from the difference 
between & and 7. As seen in Table 1, however, this difference is not appreciably 


Table 1. Values of selection differential with various intensities of selection and 
different sizes of genetic samples drawn from a normal population 











n/N 
—— et 
0-1 0-2 0-3 0-4 0-5 
N —— > ly iene east ——— SS 
k Y, k Y, k | J k 7. k a 
co 1-74 1-74 1:40 1-40 1:16 1-16 0:96 0-9 0:79 0-79 
50 1-71 1-70 1-37 1-37 1:14 1-14 0:95 0-95 0:79 0-79 
40 1:70 1-69 1:36 1-36 1:13 1-13 0:95 0:95 0-78 0-78 
30 1-68 1-67 1:35 1-35 1:12 1-13 0:94 0:94 0-78 0-78 
20 168 1-64 1:33 1-33 110 1-11 0:93 0-93 0:77 0-77 
10 (1-78)* 1-54 1-27 1-27 1:05 1-07 0-89 0-90 0-73 0-74 


k: Computed by the use of the first two terms in the formula derived in the text. 

Y,: Computed by the average of scores for the ordered data given by Fisher and Yates 
(1953). 

* The value of k for n = 1 and N = 10 has a large deviation from the true value due to the 
approximations made in computations. 
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large. The finiteness of sample size alone, therefore, does not become a serious 
source of bias. Even for N = 10 and n = 2, the difference is less than 10%. In 
the following discussion, for this reason, k is assumed to be not different from 7. 

With respect to the effect of dominance two extreme cases are considered. When 
the directions of dominance at different loci balance out in the positives and nega- 
tives, the difference between io, and E(4 Y) should be zero or very small. Under 
these circumstances the expected gain becomes estimable by koi, although the 
variance of such estimates can easily be much larger than that expected when all 
loci do not exhibit dominance. 

The other extreme case is given when the directions of dominance are the same 
for all loci. Now the effects of dominance on E(4 Y) become cumulative only in 
one direction, positive or negative. In other words, the deviation of ioj from 
E(4Y) becomes maximum. This deviation can be partitioned into two parts. One 
is the deviation due to dominance effects per se and the other is the joint effects of 
dominance and variance of gene frequency change at each locus. The latter is 
reciprocally proportional to the number of individuals selected and used as 
parents for the next generation. 

Another way to interpret the two parts of the deviation is quite instructive. 
The first part is the deviation due to the non-linearity of gene action with respect 
to the allelic substitution at the locus. The linear contribution of gene action to 
E(AY) is ko%, and the term > {e524}; represents a sum of adjustments made on the 


linear effects at each locus by the corresponding effects of dominance. It should 

be repeated that this adjustment is not restricted by the sizes of genetic sample used. 

Even in an infinite size selection, this term is non-zero, provided that the directions 

of dominance at different loci do not cancel in + ¥ {o,0g};. The second part of 
v 


the deviation represents an overall effect of inbreeding when genes exhibit domi- 
nance. When this term is negative, the effect is often called inbreeding depression. 
Such effect is then liable to the actual number of parents selected for producing 
the following generation. 

In this study only one cycle of selection was treated. With the present-day 
knowledge of most geneticists it is extremely difficult to extend the theories of 
one-cycle truncated selection to an arbitrary number of cycles. Experimental 
studies such as one by Clayton, Morris & Robertson (1957), and empirical studies 
on high-speed computers by Fraser (1957, 1960), Martin & Cockerham (1960) and 
some others, may give light on this difficult task. 


SUMMARY 
A theory of mass selection in a small population was developed, and the mean 
change in gene frequencies, the variance of gene frequency changes and the ex- 
pected gain in the mean phenotypic value of an offspring population were formu- 
lated in terms of a generalized selection differential and the additive and dominance 
effects of genes. 
The magnitude of the variance of changes in gene frequency was compared with 
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the magnitude of the variance expected from the genetic random drift in a popula- 
tion with the same gene frequency and of the same size in absence of selection. 
| The former was found to be usually smaller than the latter when the gene frequency 
ranged from intermediate to high and when selection was directed for a high 
performance. 

The usual prediction equation for gain from selection in an infinite population 
was compared with the expected gain formula derived for a small population. 
The size of the population did not cause a serious difference between the two ex- 
pected gains when there was no dominance effect of genes. Dominance alone could 
cause the usual prediction to be slightly more biased. The joint effects of the 
finite size of population and dominance gene action could amount to a considerable 
bias in the usual prediction equation. Such a bias can be, in the main, accounted 
for by the inbreeding depression. 
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APPENDIX 
Approximate values of n, and ng 
The integral equations in (6) can be evaluated in the following manner: 


(1) Expand ¢4( Yo) around Y, which is the mean of the nth observation from the 
largest in a sample of size (N — 1) randomly taken from the parental population. 
= > 7 "10 1 r V \24"7 
$( Yo) = (Yo) +(Yo- Yo) ¢'(4 o) +H (Yo- Yo) $"(Yo) 


] r V \s tis ta 1 r b ta mie 
+3) (Yo Yo)*¢ (Yo) +7 (Yo Yo)'¢ (Yo)+... 


(2) The ratio f(Y)/P in (6) can be written as 


N (N-—1)! 
n (n—1)!(N-—n-1) 


N 


n 





(Pa(1—P)*—"-1 $( Yo) = —.9(Yo). 


g( Yo) is the density function of the nth observation from the largest in a sample of 
size (N —1). 
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Inbreeding in artificial selection programmes 
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The restriction of population size, in terms of the number of individuals allowed 
to breed, leads to an increase of homozygosis within the population and also to 
random changes in gene frequency from generation to generation. The magnitude 
of these effects can be described by introducing the concept of the idealized random 
breeding population (see Falconer, 1960, p. 49). In Crow’s words (1954), ‘the 
offspring come from pairs of gametes which are drawn at random from an infinite 
pool to which each parent had contributed equally’. The number of progeny 
contributed by individual parents then has a Poisson distribution. 

In practice, parents do not have equal probabilities of contributing to the next 
generation. Under normal conditions, such inequalities will arise from differences 
between individuals in inherent fertility and fecundity and between family groups 
in viability. Under artificial selection, even if based solely on the individual’s 
own performance, there will be a further effect because of differences between 
progeny groups in the character under selection. In a population composed of 
full-sib groups, for instance, all pairs of parents may have equal probabilities of 
contributing progeny to be measured but, if there is any genetic variance in the 
character under selection, they will not have an equal chance of having the progeny 
selected as parents of the subsequent generation. This paper presents a theoretical 
treatment of this problem which was brought to my notice by Dr G. McBride. 

A brief-reference to the phenomenon was made by Morley (1954). He was 
primarily interested in the fact that ‘in a flock exposed to selection, the genetically 
superior individuals will tend to be most inbred. As a corollary, selection increases 
the approach to homozygosity, not only at loci carrying genes determining the 
character in question but at all loci’. 

The problem can be most easily approached in terms of the random changes in 
the frequency of genes which affect neither natural fitness nor the character under 
selection. If such a gene is carried by an animal whose progeny mean for the 
selected character is above the population mean, then its frequency will tend to 
increase until its association with genes increasing the selected character is broken 
down by segregation and recombination. The reverse will apply to genes carried 
by individuals whose progeny mean is below the population mean for the selected 
character. As a consequence, the random changes in the frequency of such genes 
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from generation to generation are greater than that expected from the actual 
number of parents and we can say that the effective population size is below the 
actual size. 

We may take as the simplest example a population split into N full-sib groups. 
If the population behaved in the idealized manner, then the expected variance 
of gene frequency change from generation to generation would be equal to 


E(8q)? = q( We J 





We now assume a large ‘gene pool’ from which we sample the parents of the 
full-sib groups. We form the ‘gene pool’ in the next generation by weighting the 
genes in each group by a factor depending on the mean of the full-sib group for the 
selected character. Suppose that the probable contribution of a family is f,; and 
that the frequency of the gene in question in that family is g,. Then the mean 
gene frequency in the newly formed gene pool is given by summing over families 
as f19:/Df;, and the variance of this will be g(1 —q)Sf?/4(Sf)* since each full-sib 
family is a sample of four alleles. Thus, using the above formula in reverse, we 
may say that the effective population size NV, is given by 


Sy f)2 
N. = (sy e 
> is 
Now the families to which these f factors are ascribed can be considered as members 
of an infinite population of such families, in which the mean and standard deviation 


of f are m and o. Then 
E(> f?) = Nm?+ No? 
and E(S f) = N?m?+ No’, 


N+C? 
Ty pot <a ] 
so that N, = ine (1) 


where C is the coefficient of variation of f between families. If we speak in the 
usual way about the relative selective advantages s,, s, of the separate families, 
it will be seen that C* is the variance of s between families. 

It may be of value to contrast this approach with that of Crow (1954) and 
Crow & Morton (1955) to similar problems. In this paper the approach is a priori 
in predicting effective population size from a knowledge of the variation of 
selective advantage between families. They were concerned to measure NV, from 
the observation of the variation of actual family size. 

The two approaches may be connected by noting that Crow’s expression for 
the variance of family size after selection, V,z, has the expectation 2(N—1) 
(1+2C*)/(N +C*) in a population stable in number. 

It remains to determine the variance of s. We assume that selection is based 
only on the individual’s own performance. It is known that if the selection dif- 
ferential in artificial selection is 7 standard deviations, then individuals in a group 
with deviation x from the mean have a selective advantage iz/c,, where o,, is the 
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standard deviation within groups. This holds only for small values of x. By trial 
and error, it has been found that the expression 


A 
2 op 
Os == 





a? + on. 

(where o7 is the variance of the selected character between families) is an excellent 
approximation for the variance of s up to o, = 20,, though it is less valuable at 
high selection intensities. 

We have then an expression for the variance of gene frequency changes in the 
first generation. In the next generation, a new set of full-sib groups will be formed, 
superimposed on which is a further relationship pattern deriving from the full-sib 
structure in the first generation. Full-sibs chosen as parents of the second genera- 
tion will have progeny which are related as single first cousins. So in the selection 
of individuals in the second generation, those having parents from superior full- 
sib groups in the first will have a slightly higher chance of being selected. Because 
of the linear relationship between selected advantage and the deviation of a group 
from the population mean, the expected change in gene frequency in the second 
generation will be half that in the first and in the same direction. The expected 
total change will then accumulate as 1, 3, { ... to a limiting value of 2. But the 
effective population size is dependent on the variance of random changes in gene 
frequency, and C* in equation (1) will increase in successive generations as 1, %, $8, 
up to a limiting factor of 4. Thus, for individual selection, we may finally put 

N 41” o? 


wd 2 
N, ae re ( ) 





The parents of the full-sib groups are not a random sample of their generation. 
As a selected group, they might be expected to show less genetic variation than a 
random sample. In fact it can be shown that the genetic variation will be reduced 
by a proportion h? i (i—x), where h? is the heritability of the character under 
selection and x is the abscissa of the unit normal curve when the area cut off is p. 
If we are then dealing with full-sib groups between which there is no non-genetic 
variation, then we may write 





oF ae x 2 = 2° —_ 
ma th7[1 —h?2(1 -—2)] 
N = 9 93,7 
and — = 142Ph7[1—i(i—z)] 
Ne 


In most laboratory selection experiments, p lies between 20% and 40%, and i 
then lies between 1 and 1-4. In this range, 7 (i—2) varies little between 0-7 and 
0-8. Selection for a character with a high heritability may thus cause an important 
reduction in the effective population size. 

The model implies that animals from each progeny group have an equal chance 
of being measured, so that at measurement the distribution of family sizes will 
be Poisson. In laboratory experiments, one generally tries to measure an equal 
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number of progeny in each mating. This must lead to a reduction of the variation 
in family size after selection. Using Crow & Morton’s formula (14), it can be shown 
that if at measurement there are n individuals of each sex in all families, then the 
variance of group size after selection is reduced by a factor 1/n. For a large number 
of families the effective population size is then given by 


N 1 . 1 


If n = 1, implying no selection and equal representation of all families in the next 
generation, this reduces to the known result NV, = 2N. 


INDEX SELECTION BASED ON FAMILY AND 
INDIVIDUAL PERFORMANCE 

We have been discussing so far selection based solely on the individual’s own 
performance. It is well known that it is more efficient to use a weighted combina- 
tion of the measurement on the individual and the average measurement of the 
family it belongs to (Lush, 1947). Writing P, F, and P, for the individual’s own 
measurement, its family mean, and the population mean respectively, we then 
select on an index 


I = P-F+k(F—P), 


where k is chosen to maximize the correlation between J and the individual’s 
breeding value. In individual selection, which we discussed earlier, we pay no 
attention to family mean and select only on P, i.e. we put k= 1. The inbreeding 
effect then depended on oj/(o;,+0%,). In this context, it will be seen that the effect 
of index selection is to multiply of/o%, by a factor k*. 

Using Lush’s terminology of r and ¢ for the genetic and phenotypic intra-family 
correlations, we see that o7/(o7 + 0%) is equal to ¢. Lush showed that if family size 
is large, the optimum value of & is r(1—t)/t(1—r), which for full-sib families 
becomes (1—1?)/t. In index selection, we then have 
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Thus if ¢ is low, implying a low heritability and considerable attention paid in 
index selection to family average rather than to the individuals own performance, 
the effective population size may be much reduced. 
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On the other hand there may be much non-genetic variation between families 
leading to a value of ¢ greater than r. In individual selection, selection may then 
be concentrated on only a few families. Index selection, which in this case will 
put more weight on the individual’s deviation from the family mean, will then 
spread the selection over the families and increase the effective population. In 
the extreme case, when selection is based entirely on the individual’s deviation 
from family average, the effective size will equal the actual size. 


DISCUSSION 


The problem that has been discussed here has proved difficult to solve exactly 
and many side-issues have had to be examined. However, the main factors con- 
trolling effective population size in a selection programme have been clearly 
isolated. We may then expect the inbreeding under individual selection to be 
greater than that calculated from the actual number of parents when both the 
intensity of selection and the heritability of the character are high. Selection 
on combined individual and family measurements would be expected to increase 
this effect except when there is much non-genetic variation between families. 

Perhaps the most interesting aspect of the results is in the time-lag in the effect. 
In the ideal random breeding population, the inbreeding due to a given generation 
of ancestors is found after two generations (in the absence of self-fertilization) and 
thereafter remains constant. Here, due to correlated changes in gene frequency 
in successive generations, the increase in inbreeding from the second to the third 
generation and from the third to the fourth are similar in magnitude to that in 
the second generation. It is commonly observed in pedigree analyses of livestock 
populations that an animal does not contribute greatly to inbreeding until he 
appears four or five generations back in the pedigree. The effect discussed here 
may be partly a cause of this but, in addition, in pedigree breeding, selection still 
operates on animals as grandparents or great-grandparents. The present effect is 
due to an increase in the contribution of ancestors over several generations 
because descendants continue to be selected on their own individual merit and not 
because they had a particular grandfather or great-grandfather. 

The earlier discussion was entirely in terms of full-sib groups. In the larger 
animals, it is customary to keep fewer males than females. The males will be 
represented by a half-sib group of progeny and will themselves have been intensely 
selected. In the females, the present effect will be reduced because of the lower 
intensity of selection but increased because the progeny form a full-sib rather than 
a half-sib group. 

In a recent series of experiments in this laboratory, Dr McBride carried out a 
selection experiment with Drosophila melanogaster in which full pedigrees were 
kept. In each of two lines, he had 10 full-sib groups and in each sex selected the 
best 10 individuals on their own score out of 100 measured in each generation. In 
the early generations, while the response to the selection was still high, the effec- 


tive population size was 4 and 5 groups in the two cases. The heritability of the 
N 
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selected character was 50%. On the basis of the present theory, the expected 
value of N/N, is 2-54, in fair agreement with the observed value. In a further 
experiment, selection was based on a combination of individual and family measure- 
ments with the same intensity of selection. The value of k used was 2. In the early 
generations, the effective number of parents was 8 pairs. Here the expected value 
of N/N, is 4:31, which is not in such good agreement. However, we have in these 
experiments a clear demonstration of the actual reduction in effective population 
size under intense selection. 


SUMMARY 


In a population under artificial selection, the effective population size may be 
less than the actual number of parents selected because there will be variation 
between families in the character under selection and consequently in the proba- 
bility of selection. Expressions are developed for the magnitude of the effect, 
which will be greater the more intense the selection and the higher the heritability 
of the selected character. The inbreeding due to outstanding individuals may rise 
for several generations after their use. 
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1. INTRODUCTION 


It is well known that the regression of progeny on mid-parent value in a random- 
mating population measures the additive genetic fraction of the phenotypic 
variance of that population, for any quantitative character, and this relationship 
has often been used to estimate the heritability of such characters. In practice, 
such progeny tests are often limited in size for technical reasons, and lead to 
estimates of the regression coefficient with such large standard errors as to be 
virtually useless. 

Statistically more accurate estimates can be obtained with the same sample size 
by mating parents assortatively (like with like), or in any other way which in- 
creases the mid-parent variance— e.g. by selecting only plus and minus extremes 
as parents, which may be combined with assortative mating. The variance of the 
regression coefficient will obviously be reduced in the same proportion as the 
variance of mid-parent phenotype is increased. 

This method was proposed, with some reservations, by Reeve (1953), but has 
been criticized by Wright (1952) on the grounds that assortative mating must 
introduce correlations between the non-additive genetic effects of parents and 
offspring, and so will lead to an unpredictable bias in the regression estimate. 
Reeve (1955), in a brief contribution which is untitled and buried deeply in the 
discussion pages of the reference in question, gave a mathematical argument to 
show that the bias from non-random mating will often be negligible, but the prob- 
lem needs rather more detailed examination, which I shall attempt to give here. 
The effects of assortative mating on the correlation between sibs will also be 
considered. 


2. THE REGRESSION OF PROGENY ON MID-PARENT 
(i) Effects of assortative mating 
Consider a population in equilibrium under random mating, in which a charac- 
ter, say body size, is normally distributed with phenotypic standard deviation co. 
We want to know in what way the regression of progeny on mid-parent will be 
affected, if we draw a random sample of each sex from the population and then 


mate them assortatively for body size, so as to introduce a correlation » between 
mates. 
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It is mathematically more convenient to suppose that an infinitely large sample 
of each sex is drawn at random, and assortative mating introduced so that body 
size of the two sexes follows a bivariate normal distribution with correlation 
coefficient ». The sample of pairs chosen for our progeny test may then be sup- 
posed to have been picked at random from this correlated population. The usual 
procedure of picking samples of each sex at random and then mating them assorta- 
tively may not give precisely a random sample from a bivariate normal distri- 
bution, if the correlation is high, but any deviation in practice from our model is 
not likely to be appreciable. 

We consider now a single pair of alleles A and B, with frequencies p and 
q = 1-—p. The complete population consists of the three sub-populations of genetic 
constitutions AA, AB and BB. Let the means of these be a, b and c, respectively ; 
and let us choose the origin so that p°a+2pqb+q’c = 0. If there is any sex dif- 
ference in size or variance, this may be eliminated by a suitable transformation. 

It will be assumed that all gene substitution effects such as a, b or c are small 
compared with the phenotypic standard deviation, so that the standard deviation 
of each sub-population can be taken as approximately co. 

Then the probability that a particular male parent in our sample is of genotype 
AA and size x is 


P(x,a) = samyieexP |- S| da, (1) 


(2 


and the probability that a particular female parent is of genotype AB and size y is 


2p y —b)* 
Piy,b) = aPhraexp | — 42" | ay, (2) 


a(2 


but the probability that a pair of mates have these sizes and genetic constitutions 
is, in view of the correlation between mates, 





1 242 _9 ’ 2 4,2 
P(x,a;y,6) = P(x,a).P(y,b)——z5 exp |-— ee 








(1—p*) 20°(1 — 1”) 
oe (1—p*) {(w—a)’ + (y—6)} +w?(2? +") — 2pay 
~ Qro®(1 — p2)v2 XP | 20°(1 — p?) " da. dy. 
(3) 


By integrating (3) over the ranges of x and y, we obtain the total frequency of 
matings between AA males and AB females as p*.2pq.exp[yab/o”|. This treatment 
and result are due to Fisher (1918), and we shall use these overall frequencies later 
in considering the effects of assortative mating on the correlation between sibs 
(see also Kempthorne, 1957, pp. 492-4). 

To find the regression of progeny on mid-parent, we need to determine the pro- 
geny mean for a given mid-parent value X = }(x+y). Substituting y = (2X —2x) 
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in (3) and rearranging terms, we obtain 











a: __ 2p*q pab {a—-X—}(1—p)(a—b)}° 
PRIS a) @ oe (‘<- o*(1—,) 7 
Rae 

ol +p) dx.dX (4) 


for the probability that a pair of mates of sizes x and (2X —2) have the genetic 
constitutions AA and AB, respectively. Integrating out x, we obtain the relative 
frequency of matings with male and female parents AA and AB and mid-parent 
size X as 








P 2p? ab {2X -—(l+pn)(a+b)}? z 
P(X; a,b) = P(X; 6,a) = sate? Ee - een ) |-ax. (5) 


Now write X = ko, giving, after some simplification, 





Pie = ee ee 
oC 


of sai . ; dk. 6 

o{n(1+p)} 12 40? Je (6) 
Expanding the exponential in terms of 1/c, and omitting constant terms which 

do not change when c is substituted for a or 6, the frequency is proportional to 


k(a+b) | (2k®—1)(a+b)*—p(a—b)? 
oc 


apa + 42 +terms in 1/o* ete. (7) 
a 


Since individual substitution effects are assumed to be small compared with o, 
we can ignore terms in I/o* and higher powers of 1/c, and (6) reduces to 


P(ko; a,b) = Constant <p? 2pq]) ee) dk. (8) 
Co 


Substituting b =a, b =c, etc. in (8) gives the relative frequencies of matings of 
each type shown in Table 1. 


Table 1. Mating frequencies with mid-parent k/o, after assortative mating 


Mating Frequency (f) Progeny mean (0) 
AA x AA {i oa 2x al a 
; k 
AA x AB 4p* gi 1+ -(a+b) 4(a+b) 
oc 


AA x BB 2p q? 


k 
AB x AB 4p" q7\ 1+ 2- »| (a+ 2b+c) 
Co 


k 
AB x BB meat +-(b +o 4(b+c) 
BB x BB 
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Since the terms containing yp in (7) are at most of order 1/o*, they are eliminated 
from (8) and from Table 1. It follows immediately that, assuming we can ignore 
terms in 1/o”, a phenotypic correlation between mates will have no appreciable 
effect on the progeny mean for a given mid-parent size, and so will not bias the 
regression of progeny on mid-parent. 

We notice, in fact, that the frequencies (f) in Table 1 add to unity, since the 
sum of terms in k/o has a factor p*a+2pqb+q*c = 0. Multiplying the frequencies 
by the progeny means (0), also given in the table, and adding over matings, the 
progeny mean for all matings with mid-parent phenotype kc is seen to be 


SO = 2pq{p(a—b) +9q(b—c)}? k/o, (9) 


which is k/o times the additive genetic variance due to the gene pair A,B. Since 
> fO = 0 when X = ko = 0, the regression coefficient of progeny on mid-parent is 


DfO/X = 2pq{p(a—b) +9(b—c)}?/0*, (10) 


which is the usual formula for random mating. 

Evidently non-additive intra-locus gene effects will not bias the regression, 
under the conditions assumed. But, since » only appears in (7) in terms of order 
1/o” and less, it is clear that a correlation between mates will not bias the regression 
even when interactions between loci occur, since it can only introduce a distur- 
bance of the second order. 


(ii) Effects of selection of parents 


One might guess that selection of parents so as to increase their variance over 
that of the general population would also leave the regression coefficient virtually 
unchanged given the same conditions, and this may be shown by the following 
argument. 

Suppose we select only parents which differ from the population mean (taken as 
zero) by at least +to, and mate selected males and females together at random 
except that males from the plus group are mated to females from the plus group, 
and minus to minus. This is what generally happens when a generation of two- 
way selection is carried out. 

We require first the mid-parent mean for each group, which will be the same as 
the mean for each sex, since both sexes are assumed to have the same variance. 

These means are 
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Now the probability that a parent in the plus group is drawn from the AA 
sub-population with mean a and variance o” is 


P(a) _ Lp a | e -2?/207 dx _ Lp*{1-F(t-2)) (12) 


o(27)'/2 a} | 


to—a 
where ZL is a constant to be determined so that the similar expressions P(a), 
P(b) and P(c) add to unity. But since a/c is small, we have 


t 
1—F(1—") = 1-F(t)+ m= | e-!* dr 
‘ t—(a/o) 
~ 1-—F(t)+ ite ee fe- i 4 @— Ht Calon} 
j (27r)'/7 20 
On expanding the exponential terms involving a, we have, with sufficient 
accuracy, 


a\ ‘ ee (a ta (#—-1)a° 
1-F(t-2) = 1-FO+ galt at ak 


+.. | (13) 
Substituting in (12) and ignoring terms in 1/0” etc., we obtain 


P(a) = Ip*{1-F)+ “ae * |. (14) 


o(27 

P(b) and P(c) are obtained from (14) by substituting b and c for a, and 2pq and 
q° for p*, respectively; and since these three probabilities add to unity and 
pa + 2pqb +q*c = 0, we find 


L = 1/(1-F()} 


(15) 


so that P(a) = p*(t +c | 
P(b) = 2q{1 +021 
| 


Ne) «at yf 
P(c) = 7{i+ce4 
where C = e~!** /(277)"?{1—Fi(t)}. 


It is now easy to obtain the mean progeny value for matings within the plus 
} group, since the frequencies are {P(a)}* for AAx AA matings, 2P(a).P(b) for 
AA x AB matings, etc., and the progeny mean for each mating type is given in 
Table 1. Ignoring terms in 1/0”, 
{P(a)}* = p*{1+2Ca/o}, 2P(a).P(b) = 4p*q{1+C(a+b)/o}, 


etc., so that the frequencies become identical with those given in Table 1, except 
that C is substituted for k. We thus have immediately from (9), 


= fO = 2pg{p(a—b)+9(b—c)}? C/o (16) 
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for the plus group, while minus this value is the progeny mean for the minus group 
of matings. 
The regression of progeny on mid-parent is, therefore, (16)—(11), i.e. 


x fOfe = 2pgq{p(a—b) + q(b —¢)}*/0*, (17) 
which is the same as (10). It may be seen from (13) that deviations from this 
value due to the selection of parents are of the order of 1/o°. 

Clearly, given our assumption that individual gene substitution effects are small 
compared with the phenotypic standard deviation, neither selection of parents 
nor assortative mating, nor indeed a combination of the two, will introduce an 
appreciable bias into the regression coefficient of progeny on mid-parent, regard- 
less of the presence of interactions within and between loci. The effect of these 
methods of increasing the mid-parental variance will be almost confined to reduc- 
ing the sampling variance of the regression coefficient. 

Equations (15) are of some interest, as they give the relative frequencies of the 
three phases of any pair of alleles A,B among individuals selected so as to be at 
least ko units above the population mean. We notice that 

P(a).P(c)—}P*(b) = p* ¢(a—2b4+¢)? C?/c* 
= C*ojp/o”, 
where oj is the genetic variance due to dominance at the (A,B) locus. This shows 
that the extent to which the three phases of a gene pair are out of equilibrium in 
such a selected population is a function of the intensity of selection and the amount 
of dominance. 

Equations (9) and (16) differ only in the substitution of C for k in the latter, and 
it is of interest to compare these two coefficients more directly. If X is a given 
mid-parent size in the correlated population, and x is the mean of parents deviating 
from the population mean by at least +¢o units in the case of selected parents, 
then we have 

k = X/o, 
C = 2/e. 


This brings out clearly the equivalence of the two coefficients. 


3. THE CORRELATION BETWEEN SIBS AFTER ASSORTATIVE MATING 


When the genetic variance is entirely additive, a correlation » between mates 
has no effect on the regression coefficient of progeny on mid-parent, since both the 
numerator and denominator of this coefficient are multiplied by the same factor 
(1+). The covariance between sibs and the progeny variance are, however, 
multiplied by different factors, so that the correlation between sibs is changed in 
the ratio (1+ yh?)/(1+4yh*), as shown by Reeve (1953). We might expect, there- 
fore, that the bias from non-additive effects would be greater for the sib-correlation 
than for the regression, after assortative mating. An examination of the two-allele 
case will show that this is so. 
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Terminology here presents a problem, since there has been a confusing variety 
in the symbols used by different authors for the same genetic parameters (compare, 
for example, the symbols used by Kempthorne, 1957, and Falconer, 1960). I shall 
therefore first summarize the definitions and basic formulae used in the present 
analysis. 

As before, the three phases at the (A,B) locus have phenotypic values a, b and c, 
the gene frequencies being p and gq, and the total phenotypic variance o*. Let 
o%,, «4, and oj, be the total genetic variance and the contributions to it of additive 
and dominance effects, for this particular locus, in the random-mating population. 
Then 


0G = pa" + 2pqb? +4" c’, 
n= 2nq{p(a—b)+9(b—c)}* - 2nq(b —ac), 
oy = p*g’(a—2b+c)* = (pa+qe)*. 


Let A = p(a—b)+q(b—c), whence oj = 2pqA?, 
D = —pq(a—2b+c), whence oj}, = D*. 


Then A is the average substitution effect and D the mean dominance deviation. 
Both these terms occur in the formula for the correlation between sibs after 
assortative mating. 

As we saw earlier, the introduction of a correlation » between mates has the 
effect of multiplying the frequency of matings between AA and AB by the factor 
exp(yab/o*), with similar factors for other matings. Assuming that the individual 
substitution effects are small compared with the phenotypic standard deviation, 
we can write this expression as {1 +(uab/o*)}, which leads to the correlation table 
for sibs, following one generation of assortative mating, shown in Table 2. This 
case should not be confused with the one discussed by Fisher (1918), where the 
population is in equilibrium under a small degree of continued assortative mating. 

Table 2 also gives the total frequency of occurrence of each of the three geno- 
types among the progeny, so that we can calculate from it the mean phenotype 
of progeny (0), the covariance between sibs cov(0,0), and the genetic variance in 
the progeny generation due to the gene pair (A,B), which will be called o%,. All 
three indices lead to rather heavy algebraic expressions, which can be simplified 
into the following formulae: 


i l “ 
6 => fo = -~4 Doi, 
zo 
2 2H 1p? 
cov(O,O) = hoa t+ hopt+G Ki-F apm, 
9° 9 9 1 s 9° 
oG, = of +03,+4,K,—— 0} 04, 
o 4o 


where K, = [04 + 30p+3(p—g) ADP — }04 


ond K. = 30? 2 [4+2=4p} 2-2" os]. 
54 | —Pq Pq Pq D 
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Table 2. Correlation table for sib-pairs after assortative mating 


Sib-pair Frequency (f) of occurrence together 
AA, AA (a, a) p*(p+ 49)*+ Sl p*(pa+ $qb)"] 
AA, AB (a,b) 2p*q(p + 49) +“[2p*qb(pa + 390)] 
AA, BB (a,c) bp? g? + [dp*g? b*] 
AB, AB (6,5) pq(l oe + 5 [2pq( pa + $qb) (dpb + qc) + dp gb?) 
AB, BB (b,c) 2pq'(kp + 9) + [2pq*b(4pb +-ge)] 
BB, BB (c,c) (sp +a)? + Slg*(bpb + 9e)*] 
Progeny genotype Total frequency of occurrence 
AA ab + = ( pa+abr| 
AB 2pn[ 1+ 4 (pa aby +00] 
BB [1+ (ob +c 
Total frequency 1 


If all genes act additively, oj, = D = 0, so that 


cov(0,0) = job(1+ 508), 
o~ 
9 9 1 9 
a, = 22 (1 +540). 


Summing over loci, and adding the environmental variance to o%, to give the 
phenotypic variance of progeny, o7, we see that then 


cov(0,0) = 4h?(1+ph?) 0%, 
of = (1+ 4uh')o?, 


whence the correlation between sibs is 


ll 


1+ ph? 
which is the formula derived by Reeve (1953). 

When dominance deviations are present, however, the occurrence of terms in 
AD in K, and K, implies that assortative mating will introduce correlations be- 
tween the additive and dominance components of different loci, and also between 
their dominance components. These correlations will bias the sib-correlation in 
an unpredictable way, and probably to a serious extent if some of the genes are 
strongly non-additive in effect and assortative mating is close. 

One special case is of interest. If the gene frequencies are all } or close to }, 
the terms with a factor (p—q) can be ignored, and then, if 7; is the correlation 
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between sibs after assortative mating, compared with r when mating is at random, 


we have approximately, 
2(h? 
nw feel (| 


——————_— 
1+43yh 


where i? is the fraction of the phenotypic variance which is due to additive genetic 
effects. This again reduces to the formula for additive effects where r = }h”, but 
if some dominance is present acting in either direction, then r> }$h? and 7,/r 
becomes larger than in the additive case. This gives an example of the kind of 
bias which assortative mating may introduce into the estimate of the correlation 
between sibs, when non-additive gene effects are present. 

In conclusion, then, it appears that assortative mating, or selection to increase 
mid-parental variance, will not bias appreciably the regression of offspring on 
mid-parent, provided that individual gene substitution effects are fairly small, 
but that more serious bias is likely to arise in the correlation between sibs. 


4. SUMMARY 

The regression of progeny on mid-parent value is often used in progeny tests 
to estimate the heritability of a quantitative character. The statistical precision 
of such an estimate can be considerably increased without increasing the size of 
the test, by using assortative mating or selection of parents (or both together) so 
as to increase the mid-parent variance; but the danger arises that this may 
introduce bias into the estimate through correlation between non-additive gene 
effects. 

It is shown by a mathematical argument that such bias will be negligible pro- 
vided that all individual gene substitution effects are small compared with the 
phenotypic standard deviation of the character. Under this condition, deviations 
from additive effects either within or between loci will not appreciably affect the 
expected value of the regression on mid-parent, compared with its expected value 
in a test using random mating. 

Correlation between the non-additive gene effects is likely to cause more serious 
bias to the correlation between sibs, when non-random mating is used. 
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The genetics of Ustilago maydis 
By ROBIN HOLLIDAY 


John Innes Institute, Bayfordbury, Hertford, Herts. 


(Received 12 December 1960) 


The Ustilaginales, or smut fungi, are an important group of parasitic Basidio- 
mycetes the genetics of which have remained relatively unexplored. An examina- 
tion of the characteristics of certain species indicates that there are no features 
which should prevent or hinder genetic analysis; on the contrary they would 
appear to provide very suitable material for the investigation of problems of 
fundamental interest. 

Standard genetic analysis is possible since a normal sexual cycle occurs. The 
haploid stage consists typically of uninucleate sporidia which divide by yeast-like 
budding to form compact colonies on artificial media. Inoculation of haploid 
strains of opposite mating type into the appropriate host results in the formation 
of an infective dikaryon within the host tissue. The binucleate cells of the dikaryon 
eventually round off to form thick-walled brandspores, or chlamydospores, within 
which the fusion of the nuclei takes place. When the brandspore germinates, 
meiosis occurs and a tetrad of haploid basidiospores is formed. The members of 
the tetrad (which is linear in the Ustilaginaceae) can be isolated, and each gives 
rise to a colony of sporidia. The absence of a fruiting body makes it particularly 
easy to control the environment of the cells undergoing meiosis. 

The chromosomes of several species of smut fungi, including Ustilago maydis 
(Kharbush, 1928), have been examined and there is general agreement that the 
haploid chromosome number is two (see reviews by Christensen & Rodenhiser, 
1940, and Ainsworth & Sampson, 1950). 

Many of the smut fungi grow vigorously on a simple medium consisting of 
carbohydrate, asparagine and mineral salts (Schopfer & Blumer, 1938). The 
production of mutant strains requiring particular growth factors has already been 
achieved by Perkins (1949) in U. maydis. Such strains provide a large source of 
genetic markers. 

The sporidia are uninucleate, which simplifies the processes involved in the 
production of mutants and the measurement of mutation rates. The compact 
growth makes it possible to use replica plating (Lederberg & Lederberg, 1952) and 
other bacteriological techniques which enable large numbers of colonies to be 
handled more easily than can be done with filamentous fungi. 

Mendelian segregation of a pair of mating-type factors was first demonstrated 
in the smut fungi by Kniep (1919), and has since been shown in most species 
examined. Spore and sorus characters have also been shown to be controlled by 
single loci in several species (see Christensen & Rodenhiser, 1940), and more 
recently segregation of a single gene affecting pathogenicity has been observed in 
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U. avenae (Halisky & Holton, 1956). Claims of linkage between genes have been 
made by Dickinson (1931) in U. hordet; Rodenhiser (1934) in Sphacelotheca sorghi 
and S. cruenta hybrids; Fischer (1940) in Ustilago bullata, and Holton (1951) in 
Tilletia foetida, but in none of these has adequate quantitative data been presented 
to substantiate the claim. The most satisfactory genetical data have been collected 
by Dickinson (1931) and Huttig (1931, 1933). By analysing linear tetrads in 
Ustilago hordei, they obtained the frequencies of first and second division segrega- 
tion at meiosis for the mating-type locus. Some of their data suggest that the 
centromere and this locus do not segregate at random, which indicates that the 
centromere distance is less than the theoretical maximum of 33-3 units. 

Since there were few indications from the available genetical data as to which 
smut fungus would be most convenient for further genetical study, the choice of 
species was determined by certain technical considerations. Ustilago maydis 
(DC.) Corda (syn., Ustilago zeae Beckm. Unger) was selected primarily because the 
life cycle can be completed in a few days (Stevens, Melhus, Semenink & Tiffany, 
1946). In addition its host, Zea mays, has been more fully investigated genetically 
than any other flowering plant, which opens up possibilities in the investigation 
of the genetics of the host parasite relationship. Another characteristic unusual 
among smut fungi which was considered to be useful, is that the sporidia or basidio- 
spores of opposite mating type do not fuse on artificial media. This removes many 
difficulties which might otherwise be encountered in the classification of progeny. 

Numerous genetic investigations with Ustilago maydis have been mainly con- 
cerned with the isolation and description of mutants and with heterothallism. 
Apart from Perkins’ (1949) work on the production of biochemical mutants, large 
numbers of mutations affecting the morphology or colour of sporidial colonies 
have been examined (see Stakman, 1936; Christensen & Rodenhiser, 1940; 
Holton, 1953). A 2:2 segregation in tetrads for factors affecting colony appearance 
or mutability has occasionally been obtained (e.g. Hanna, 1929; Stakman, Kern- 
kamp, Martin & King, 1943a; Stakman, Kernkamp, Thomas & Martin, 19435); 
but none of the characters which have been studied showed a consistent segrega- 
tion, and it has generally been concluded that their inheritance is controlled by 
two or more loci. 

From extensive early investigations of heterothallism it was believed that 
U. maydis, unlike the majority of smut fungi, had a complex mating system 
involving more than one locus. This work has been critically reviewed by White- 
house (1951). More recent studies by Rowell & De Vay (1954) and Rowell (1955a) 
showed that the production of brandspores in the host is controlled by alleles at 
two loci. Homothallic or solopathogenic strains, which appear as a result of 
irregular brandspore germination in certain crosses, have been frequently en- 
countered (see Christensen & Rodenhiser, 1940; Holton, 1953). Induced segrega- 
tion of mating-type factors from one such strain has been reported by Rowell 
(19555). 

The very slow progress in the genetics of U. maydis and other smut fungi can be 
attributed to the absence of easily distinguishable characters controlled by single 
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genes, and to the lack of techniques allowing the handling and scoring of large F 
numbers of progeny. As Perkins (1949) has pointed out, the first difficulty can be add 
removed by using biochemical mutations as genetic markers. The present paper is 

largely concerned with an attempt to remove the second difficulty. 


A 
MATERIALS AND METHODS com 
(a) Strains = 

Brandspores of U. maydis, which had been collected near St Paul, Minnesota, 
U.S.A., were kindly supplied by Dr J. J. Christensen. Of three basidiospores 8 
isolated from the promycelium of a germinating brandspore, two were interfertile. in } 
Later three basidiospores were taken from a second brandspore, and again two mir 
were found to be interfertile, but neither was fertile with either of the original wai 
isolates. These four strains are the four basic mating types: a,5,, a,b,, a,b, and anc 
a,6,. All subsequent strains were derived from their sexual or asexual progeny. 1 
In addition strains derived from brandspores collected near Saint-Benoit-sur- tec 
Loire, Dept. Loiret, France, were used in investigations of the mating system. pla 
( 
(b) Media -™ 
Minimal medium: glucose, 10 g.; salt solution, 250 ml.; distilled water to 1 litre. os 


pH 5-8 after sterilization. pe 


Salt solution: ammonium nitrate, 24 g.; potassium dihydrogen phosphate, 16 g oe 
sodium sulphate, 4 g.; potassium chloride, 8 g.; magnesium sulphate (7H,O), 2 g.; ” 
calcium chloride, 1 g.; trace element solution, 8 ml.; distilled water to 2 litres. 

Trace element solution (modified from Ryan, Beadle & Tatum, 1943): boric acid, 

30 mg.; manganous chloride, 70 mg.; zine chloride, 200 mg.; sodium molybdate, ; 
20 mg.; ferric chloride, 50 mg.; copper sulphate, 200 mg.; distilled water to 500 ml. be 

All compounds were of Analytical Reagent standard. tu 

Complete medium: glucose 10 g.; hydrolysed casein, 10 ml.; hydrolysed nucleic we 
acid, 5 ml.; vitamin solution, 10 ml.; ‘Difco’ yeast extract, 1 g.; salt solution, int 
250 ml.; distilled water to 1 litre. pH 5-8 after sterilization. ou 

Casein hydrolysate (according to the method of McIlwain & Hughes, 1944): 200 g. du 
casein acid hydrolysed to produce 1 litre of hydrolysate, sterilized by Seitz TI 
filtration. lal 

Nucleic acid hydrolysate (according to the method of Pontecorvo, Roper, da 
Hemmons, Macdonald & Bufton, 1953): 2 g. yeast nucleic acid and 2 g. thymus of 
nucleic acid produced 40 ml. of a mixture of acid and alkali hydrolysates. m 

Vitamin solution (Beadle & Tatum, 1945): thiamin, 0-1 g.; riboflavin, 0-05 g.; dr 
pyridoxin, 0-05 g.; calcium pantothenate, 0-2 g.; p-amino benzoic acid, 0-05 g.; wi 
nicotinic acid, 0-2 g.; choline chloride, 0-2 g.; inositol, 0-4 g.; folic acid, 0-05 mg. ; cc 
distilled water to 1 litre. 0- 

Supplemented minimal medium : individual growth factors were added to minimal 8¢ 
medium as required; amino acids 100 mg.; purines and pyrimidines 10 mg., and rc 


vitamins 1 mg. per litre. 
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For solid minimal or supplemented minimal medium, 1-5°%, ‘Difco’ agar was 
added. For solid complete medium, 1-5 °% or 2-0°% unwashed agar was added. 


(c) Incubation and storage of cultures 
All cultures were incubated at 30°C. Stock cultures were maintained on 3% 


complete agar slants (Perkins, 1949), stored at 3°C. and sub-cultured every two 
months. 


(d) Plating and counting 

Sporidia grown on complete medium were fairly easily dispersed by shaking 
in water to form a uniform suspension of single cells, whereas those grown on 
minimal medium disperse much less readily. Sporidia remain viable in distilled 
water for several days, and it has been found unnecessary to use saline for diluting 
and plating suspensions. Estimations of the concentration of sporidia or brand- 
spores were made with a Neubauer haemocytometer. Standard microbiological 
techniques were used for diluting cells and for spreading or suspending them in 
plates of agar. 

xermination of sporidia was complete on minimal and complete medium. On 
complete medium the colonies derived from single sporidia were visible to the 
naked eye after incubation for 24 hours and about 2-5 mm. in diameter after 
72 hours. Growth was slightly slower on minimal medium, and the colonies, 
instead of being round and smooth as they were on complete medium, tended to 
be convoluted and irregular in outline. 


(e) Crosses 


A modification of the method of inoculation used by Stevens et al. (1946) has 
been used. Sporidia from colonies growing on complete medium were added to a 
tube of sterile water and shaken until a suspension of about 10? sporidia per ml. 
was obtained. Suspensions were then mixed in the desired combinations before 
inoculation. The susceptible variety of maize ‘Golden Bantam’ was used through- 
out (Stakman & Christensen, 1927). Before germinating the seeds, they were 
dusted with a mixture of a mercury seed dressing and tetrachlorobenzoquinone. 
This was the only treatment which effectively prevented the growth of troublesome 
laboratory fungal contaminants on the seedlings. The seeds were germinated on 
damp filter paper at 30°C. After 72 hours, about 1 mm. of the tip of the coleoptile 
of each seedling was removed. Using a hypodermic syringe of 1 ml. capacity the 
mixed sporidial suspensions were inoculated just above the first node, until a 
droplet of suspension emerged from the open end of the coleoptile. The seedlings 
were sown in sand supplemented with a mineral salt solution of the following 
composition: potassium nitrate, 0-02°,; potassium monohydrogen phosphate, 
0-002 °; 


o>? 


magnesium sulphate, 0-002°,, and ferric phosphate, 0-0005°%. This 
solution was obtained by diluting one of 100 times these concentrations. For 
routine mating tests 4-6 seedlings were inoculated; for making crosses 10-16 


seedlings were inoculated. The seedlings were grown in an illuminated incubator 
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at 28°C., in which humidity was over 90°. Continuous illumination was provided 
by two 40-watt daylight fluorescent tubes. 

Galls appeared on leaves or stems occasionally as soon as 3 days, but almost 
always 5 days after inoculation. Brandspores were usually formed between 8 and 
10 days after inoculation. Normally 70-80 °% of the seedlings developed galls, but 
brandspores were not always produced in all of these. Galls containing spores were 
ground in a small mortar with a few drops of 1°, or 1-5 °%% copper sulphate solution. 
More solution was added and the mixture filtered through cotton wool to remove 
debris and clumps of brandspores. The suspension was left at room temperature 
for 18 hours (Christensen & Stakman, 1926) to kill any contaminants or vegetative 
cells, and was then centrifuged. The supernatant was decanted and the brand- 
spores suspended in sterile distilled water. The fact that the spores do not germi- 
nate in the absence of nutrients, unlike those of many other smut fungi, makes this 
procedure possible. Germination of brandspores was not higher than 5°, on com- 
plete medium, and less than 1°, on minimal medium. This low germination proved 
to be useful in certain techniques of genetic analysis. Where brandspores were not 
required immediately, it was found most convenient to keep them by drying galls 
or pieces of gall tissue and storing them at room temperature. 

Other methods are described in the text where relevant. 


THE PRODUCTION AND IDENTIFICATION OF BIOCHEMICAL MUTANTS 


Since the sporidia are uninucleate and haploid they are particularly suitable 
for treatment with mutagenic agents. All the mutations were induced in the strain 
a,b, with ultra-violet light. A sterile 13-ml. quartz tube was filled with 11 ml. of 
a sterile suspension of freshly grown sporidia. The tube was corked and rotated 
about its long axis in a horizontal position, at a distance of 18 cm. from a low- 
pressure mercury discharge lamp. The lamp was supplied by Thermal Syndicate 
Ltd. and emitted 87 °% of its energy at 2500-2600 A. The dose at this distance was 
10,000—12,000 ergs/cm?/sec. 

Since only a relatively small proportion of the survivors of irradiation would be 
expected to carry suitable mutations, it was necessary to use selective techniques 
in order to isolate adequate numbers of mutants. Perkins (1949) isolated a number 
of biochemical mutants of U. maydis following ultra-violet irradiation, by the 
delayed enrichment technique of Lederberg & Tatum (1946). This method would 
appear to be ideally suited to Ustilago since sporidia form very small compact 
colonies when embedded in agar. After irradiation, about 400 viable sporidia were 
suspended in each plate of minimal agar medium. After two or more days the 
colonies were marked and a layer of complete medium added to each plate. A 
high proportion of the colonies which subsequently develop should have been 
auxotrophs. In practice ultra-violet light treatment appeared to delay considerably 
the germination of some of the sporidia so that the proportion of these colonies 
which were in fact auxotrophs was very low. This difficulty has also been encoun- 
tered with Aerobacter aerogenes (Devi, Pontecorvo & Higginbottom, 1951) and 
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Aspergillus nidulans (Pontecorvo et al., 1953). In a number of experiments in 
which less than 10° of the sporidia survived irradiation, the time of supplement- 
ing the minimal plates with complete medium was varied considerably ; neverthe- 
less, only one auxotroph was recovered from a sample of over 200 colonies which 
developed after supplementation. The method was discontinued in favour of that 
of indirect selection by means of the technique of replica plating (Lederberg & 
Lederberg, 1952). 

After irradiation about 200 surviving sporidia were spread on each of a series 
of plates of 2°, complete agar. After incubation for 3 days most of the colonies 
were between 1 and 3 mm. in diameter. Each plate was replicated to minimal 
medium with a piece of sterile velvet spread over a circular piece of cork and held 
in position with a loop of wire. The minimal plates were incubated 2 days, and 
rare auxotrophs were then detected by placing the minimal plate over the com- 
plete and searching for gaps in the replica pattern. Unmatched colonies were 
isolated and retested on minimal. Fig. 1, Plate I, shows a master plate and its 
replica. 

In a number of experiments with fresh sporidia in which the dose of irradiation 
was varied, the proportion of auxotrophs amongst the survivors remained con- 
stant at about 0-1°%. The results from four experiments are shown in the first 
part of Table 1. This result is in agreement with data from other fungi where linear 
relationships between the ultra-violet light dose and the proportion of mutants 
induced have often not been observed with very high doses (see review by Pomper 
& Atwood, 1955). In a final experiment in which sporidia which had been stored 
at 3°C. for several weeks were irradiated, the proportion of auxotrophs in the 
7°% (see Table 1). This is a significantly higher figure than 


survivors rose to 0:27 


Table 1. The yield of biochemical mutants obtained under 
different experimental conditions 





Period of U.V. Stable mutants 
irradiation Survivors — iN a 
(min.) (%) Colonies examined No. % 

Freshly grown sporidia: 

1-25 7 8400 6 0-071 
1-50 0-8 3500 5 0-143 
3-00 0-04 4000 3 0-075 
4-50 0-008 11400 9 0-079 
Total 27300 23 0-084 


After storing sporidia at 3°C.: 
2-75 0-05 18400 51 0-277 


that obtained with fresh sporidia (2 x 2 yj = 25-2, P<0-001). Nevertheless, even 
this yield of mutants is considerably lower than that obtained following ultra- 
violet treatment in other fungi. For instance, in Aspergillus 0-6 % of the survivors 
were auxotrophs (Pontecorvo ef al., 1953) and in Neurospora 0-72 °%, were auxo- 
trophs (Beadle & Tatum, 1945). 


oO 
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Of 100 stable auxotrophs which were obtained, the basic biochemical require- 
ments of 94 were identified by a method which has been described elsewhere 
(Holliday, 1956). The six which were not identified may have had requirements 
which were not anticipated, or they may have been inhibited by the particular 
combinations or concentrations of growth factors in the test media. Some groups 
of mutants were further classified by testing which of certain possible precursors 
in the biosynthesis of their requirement would also support growth. These tests 
were carried out by means of the auxanographic method (Lederberg, 1946). The 
final classification of the auxotrophs is given in Table 2. 

Comparison of the types of mutants identified with those obtained in Penicillium 
(Bonner, 1946), Ophiostoma (Fries, 1947), Newrospora (Tatum, Barrat, Fries & 
Bonner, 1950) and Aspergillus (Pontecorvo et al., 1953) shows two notable dif- 
ferences. Firstly no lysine requiring mutants have been recovered in Ustilago 
maydis although these are one of the commonest types in the other four fungi. 
Secondly these fungi produced a smaller proportion of nicotinic acid requiring 


Table 2. The types of auxotrophs obtained following U.V. 
irradiation of prototrophic sporidia 


Genetic Number of 
Requirement symbol* mutants 
Nucleic acid components: 
adenine/hypoxanthine ad 17 
cytidine/uridine cyt 6 
Vitamins: 
nicotinic acid nic 3 
nicotinic acid/anthranilic acid nic 1 
nicotinic acid/anthranilic acid/indole nic 11 
thiamin thia 7 
choline/dimethylethanolamine/monomethylethanolamine cho 5 
pyridoxin pdx 2 
pantothenic acid pan 2 
inositol anos 2 
p-amino benzoic acid paba 2 
Amino acids: 
arginine arg Z 
arginine/ornithine arg 5 
methionine meth 2 
methionine/homocysteine meth 5 
methionine/homocysteine/cysteine/cystathionine meth 7 
leucine leu 4 
histidine hist 1 
serine/glycine ser 1 
Others: 
reduced sulphur v8 4 
unidentified 6 
Total 100 


* Mutants were numbered in the order of identification and are referred to as ad-1, ad-2, 
. ete. 
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mutants than did Ustilago. On the other hand, the high frequency of adenine, 
arginine and methionine requirers which has been encountered is quite typical. 

The methionine mutants in so far as they were tested appeared to have the 
same requirements as those found in Neurospora (see review by Wagner & Mitchell, 
1955). None of the mutants which grew on arginine or ornithine responded to 
citrulline, proline or glutamic acid. These are similar to arginine mutants found in 
Aspergillus (Pontecorvo, et al. 1953) and differ from those in Penicillium (Bonner, 
1946) and Neurospora (Srb & Horowitz, 1944). The nicotinic acid mutants had un- 
expected requirements. None of them, with one possible exception, showed any 
response to tryptophan, although most of them grew vigorously on anthranilic acid. 
These responses suggest that the nicotinic acid synthesis is not the same as that 
found in Neurospora (see Wagner & Mitchell, 1955) and that the pathway direct from 
anthranilic acid by-passing tryptophan, which appears to be an inefficient alterna- 
tive method of nicotinic acid synthesis in Aspergillus (Pontecorvo, 1949), is 
possibly the main if not the only route in Ustilago. A full biochemical examination 
of this group of mutants might well yield interesting results. 

The mutant leu-1, which has been used extensively as a genetic marker, was 
found to have unusual responses. It grew only slowly on leucine, but at the normal 
rate if glycine, serine, glutamic acid or aspartic acid was added to the medium. 
Methionine inhibited response to leucine, but this inhibition could be removed by 
any of the other four amino acids. Mutants of this type have not previously been 
reported. 


HETEROTHALLISM AND PATHOGENICITY 


Rowell & De Vay (1954) and Rowell (1955a) presented evidence for a compati- 
bility system in U. maydis which is controlled by a pair of alleles at an a locus and 
multiple alleles at a second 6 locus. This mating system is not only exceptional 
among smut fungi, but is also unknown in any other group of outbreeding or- 
ganisms. Moreover, since it has been pointed out by Whitehouse (1951) that 
anomalous mating behaviour previously reported in U. maydis and other smut 
fungi can be explained on the basis of recessive factors for weak pathogenicity or 
fertility, it seemed a necessary preliminary to genetic studies to verify the con- 
clusions reached by Rowell & De Vay. 

Whereas some workers have been able to obtain fusion of sporidia of opposite 
mating type on artificial media (Bauch, 1932; Sleumer, 1932; Bowman, 1946), 
others have been unable to accomplish this (Stakman & Christensen, 1927; Seyfert, 
1927; Hanna, 1929). Rowell (1955 a) was able to obtain fusion only on a medium 
containing maize seedling extract. With the strains used in these experiments 
fusion of sporidia has not been found to be a reliable method for detecting mating 
type, and the production of galls in the host has been used as the criterion of 
compatibility. The results from mating-type tests were consistent with the view 
that the mating system is controlled by two loci. These are designated a and b but 
the particular alleles have not been identified with those in Rowell & De Vay’s 
material. The four original basidiospore isolates consisted of two compatible pairs 
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(a,5,, 4262, and a,5,, a,b,) and no other combinations were fertile. Two sporidial 
isolates were obtained from French brandspores. These were tested with the four 
American strains and both were fertile only with a,b, and a,b,; their mating type 
was therefore a,b,. From one of the fertile crosses between a,b, and a,b, brand- 
spores were germinated. Thirteen sporidial isolates were taken at random and 
these were tested with the American strains. The results are shown in Table 3. 
The two loci had segregated independently, six of the thirteen isolates being 
recombinants. It was confirmed that the a,b, and a,b, progeny were not inter- 
fertile. In addition, it was found that when progeny from various crosses amongst 
mutant strains were tested routinely for mating type with the four original isolates, 
galls were always produced with only one of the four. In all, twenty-seven progeny 
were tested in this way. 


Table 3. The compatibility reaction of thirteen isolates from a cross 
between the French strain, a,b,, and the American strain, a,b, 


American strains 








(Progeny :) (from lst brandspore) (from 2nd brandspore) 
a, ——— = 
Genotypes Frequency a,b, a,b, a,b, a,b, 
a,b, 2 — + — ~ 
a,b, 5 + = — — 
a,b, 3 — — --- + 
ayb; 3 + — a. _ 


+ indicates that galls were produced on the host. 


It is not possible to explain these results on the basis of a single pair of mating- 
type alleles with independent segregation of factors for weak pathogenicity or 
fertility. Nevertheless, Rowell (1955a) has shown that the fusion of sporidia is 
controlled only the a locus; therefore, since it is impossible at present to dis- 
tinguish pathogenicity from fertility, it cannot be concluded whether the b locus 
is in fact concerned with sexual compatibility or whether it merely determines the 
pathogenicity of the dikaryon. 

In U. maydis it is not possible to determine by a simple complementation test 
on minimal medium whether biochemical mutants with the same requirement are 
allelic since heterokaryons or dikaryons will not grow outside the host. A test 
based on the pathogenicity reaction, however, appeared to be an effective though 
less convenient alternative. 

It was never found that pathogenicity was impaired if only one parent carried 
a mutation at a particular locus. This was true even if each parent carried several 
mutations. A similar result has been reported by Buxton (1956) with Fusarium 
oxysporum f. pisi. On the other hand, when strains of opposite mating type carry- 
ing the same biochemical mutation were inoculated, pathogenicity was reduced or 
prevented. On selfing ad-1, me-1 or leu-1 no galls were produced in the host in 
repeated tests. When ad-1 was inoculated with ad-5 or ad-10 of opposite mating 
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type the same result was obtained. This indicates that these three adenine mutants 
are allelic, a conclusion which was supported by the close similarity of their appear- 
ance on complete medium. On selfing inos-2 or inoculating it with inos-1, and on 
selfing nic-10 or inoculating it with nic-9, small galls were produced in rather a 
mall proportion of seedlings. These pairs of genes also appear to be allelic. 

With a heterozygous dikaryon the wild-type allele compensates for the deficiency 
of its partner and an exogenous supply of the relevant growth factor from the host 
is not required. On the other hand, when both nuclei are deficient at the same 
locus, the dikaryon is dependent on such a supply, and if this is inadequate 
pathogenicity is restricted. If this is so, it should be possible to restore patho- 
genicity by supplementing the host artificially with the relevant growth factor. 
Attempts to do this included methods similar to those devised for use with Venturia 
inaequalis by Kline, Boone & Keitt (1958). With ad-I these were completely 
unsuccessful, either because adenine was not entering the host in sufficient quanti- 
ties, or because there is some direct relationship between pathogenicity and adenine 
synthesis within the mycelium. With inos-2 and nic-10 supplementation with a 
solution of 0-1 mg. per ml. of the relevant vitamin had a definite effect. In both 
crosses larger galls containing brandspores were produced, but normal patho- 
genicity was not completely restored. Supplementation was not attempted with 
me-I and leu-1. 

Similar results have been obtained with other pathogenic fungi. Boone, Kline 
& Keitt (1958) found that mutants requiring nicotinic acid or inositol were patho- 
genic, whereas those requiring amino acids or adenine were non-pathogenic. Kline 
et al. (1958) were able to restore the pathogenicity of the former by supplementing 
the host, but this was not true of adenine requirers. Buxton (1956) found that 
strains of Fusarium requiring amino acids had reduced pathogenicity which could 
be increased by supplementation. On the other hand, Perkins (1949), using 
different methods of inoculation from those described here, found that one of his 
methionine requiring strains of Ustilago maydis was completely fertile when selfed. 


METHODS OF GENETIC ANALYSIS AND EXPERIMENTAL RESULTS 
(a) Random isolation of the products of meiosis 

The basidiospores produced on the promycelium behave as if they were vege- 
tative sporidia. As soon as they are formed they begin to bud off sporidia which 
continue to divide. The basidiospores are not formed simultaneously, so that two 
or more sporidia may have been produced from one basidiospore before the next 
is formed. For these reasons there is no possibility of obtaining a sample of basidio- 
spores except by techniques of micro-manipulation. However, if cells of different 
genotypes divide at roughly the same rate, and the number of sporidia and basidio- 
spores is high compared with the number of promycelia and ungerminated brand- 
spores, a rapid method for the analysis of random products of meiosis is possible. 
To get a random sample of sporidia it is necessary to avoid harvesting them too 
late in the development of the brandspore colony, when different growth-rates 
might be exaggerated, or too early, when too many promycelia and ungerminated 
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brandspores might be included. The procedure used was to spread several 
thousand brandspores on a plate of complete medium. When the largest brand- 
spore colonies were just visible (after about 36 hours’ germination), the agar was 
cut into strips which were transferred to a 250-ml. flask containing about 100 ml. 
of sterile distilled water, which was shaken until the colonies had become dispersed. 
The suspension was filtered through cotton wool and then between 100 and 200 
sporidia were spread on each plate of complete medium. After 3 days’ incubation 
the plates were replicated to appropriate test media. By using test media each 
lacking one of the requirements segregating in the cross, all the genotypes could be 
identified. The isolated colonies on the complete plates were numbered, and then 
scored by examination of the replicas. This technique was used not only for the 
purpose of genetic analysis but also to obtain particular progeny which were 
required for further crosses. 


Table 4. The analysis of random sporidia. Data from 2-point crosses 





Cross Genotypes Frequency Xecombination (%) 
1. thia-2, a,b,/me-1, a,b, thia + 42 } 
+ me 57 
thia me 42 49:0 
+ + 53 ) 
2. thia-2, a,b,/ad-3, a,b, thia + 35 | 
+ ad 29 
thia ad 23 “7 
+ + 3: J 
3. thia-2, a,b,/ad-1, a,b, thia + 33 7 
+ ad 37 " 
thia ad 36 53:3 
a + 44 J 
4. me-1, a,b,/nic-3, a,b, me + 54 7 
+ iC 70 
a on 50-4 
me nic 52 
oe + 74 J 
5. me-1, a,b,/cho-4, a,b, me + 21* } 
+ cho 42 51° 
me cho 32 f niles 
+ + 35 J 
6. me-1, a,b,/arg-1, a,b, me + 31 } 
+ arg 23 — 
me arg 22* f ote 
+ + 44 } 
7. me-1, a,b,/pan-1, a,b, me + 36 ) 
- pan 41 - 
me pan 23* [ $65 
+ + 44 J 


* Indicates a probability of less than 0-05 that complementary genotypes do not deviate 
significantly from equality. 
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Table 5. The analysis of random sporidia. Data from 3-point crosses 


Recombination 
Cross Genotypes Frequency (%) 
8. nic-3 me-1, a,b,/thia-1, a,b, nic me + 40 
++ a thia 32 — 
nic-3 and me-1: 
nic me thia 28* 46°5 
+ 76 —<— 
+ Tr ; nic-3 and thia-1: 
nic + thia 39 55°6 
me 40 : 
+ - 7 me-1 and thia-1: 
nic + + 48* as 
+ me thia 26 
9. nic-3 me-1, a,b,/ad-1, a,b, nic me = 53 
rd 40 
+ + 7 me-1 and ad-1: 
ot). 
nic + ad 70* 20°6 
oo me a 37 pone 
, me-1 and nic-3: 
nic me ad 12 SOs 
20 — 
* * + nic-3 and ad-1: 
55-2 
a me ad Nog 
nic + + 19 


* Indicates a probability of less than 0-05 that complementary genotypes do not deviate 
significantly from equality. 


Since the pioneer work of Beadle & Tatum (1941) with Neurospora, it has been 
shown in numerous micro-organisms that the inheritance of biochemical defi- 
ciencies resulting from mutations follows the pattern expected for single gene 
differences. It was not considered necessary, therefore, to demonstrate a 1:1 
segregation for each mutant before it was used as a genetic marker. The data from 
seven 2-point crosses and two 3-point crosses involving nine mutants are shown in 
Tables 4 and 5. Crosses 1-8 indicate that linkage is not present between any of 
the markers tested, but a clear deviation from random segregation is present in 
cross 9. This shows that ad-7 and me-/ are linked, but that neither are linked with 
nic-3. Crosses 4 and 8 confirm that me-1 and nic-3 are unlinked. 

These results indicate that normal segregation is occurring but that significant 
deviations from expected ratios do occur. Complementary genotypes are not 
always equal, and there is a general deficiency of progeny carrying mutant genes, 
particularly me-1, arg-1 and thia-1 and 2. These deviations are presumably due 
either to different growth rates, or to difference in the germination of the basidio- 
spores of the various genotypes. They are not large enough to obscure disturbed 
ratios due to linkage between genes. By combining the data from crosses in 
coupling and repulsion carried out under identical conditions, allowance could 
be made for differences in the germination and rate of growth of each genotype, 
and accurate linkage values would be obtainable (Mather, 1951). 
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Unfortunately the results obtained in later crosses were much less satisfactory. 
In almost all cases an excess of wild-type sporidia and a deficiency of certain classes 
of mutant sporidia were found. It was always impossible to determine whether 
or not linkage was present. Results from tetrad analysis indicate that these 
unsatisfactory results are almost certainly due to the poor germination of the 
basidiospores of certain genotypes, rather than their slower rates of division. No 
evidence is available as to why germination was reduced in these crosses, and after 
several unsuccessful attempts to obtain reasonable data the method was abandoned 
in favour of tetrad analysis. 

In addition to the results in Tables 4 and 5, some data on linkage were also 
obtained from routine tests for mating type. It was noticed that when pan-I was 
segregating, progeny carrying this marker or its wild-type allele were always 
parental with respect to the mating-type locus a. In all, eighteen such progeny 
were tested for mating type and none showed recombination between a and pan-1. 
This indicates that the loci are closely linked, with a probability of 0-05 that 
recombination would exceed 17-6°%. 


(b) Analysis of whole tetrads 


The germinating brandspore produces a compact colony which should consist 
of four haploid clones derived from the products of meiosis. These brandspore 
colonies will be referred to as whole tetrads. Perkins (1949) has suggested that 
some of the information which is obtained by the isolation of the individual 
members of a tetrad could also be gained by the examination of whole tetrads. 
The method depends on the ease of identification of prototrophic progeny by the 
use of a selective minimal medium. It is therefore applicable only to the study of 
biochemical markers. When two genes are segregating at meiosis, only three types 
of unordered tetrad can be produced: parental ditype (PD), recombinant ditype 
(RD), and tetratype (T). In the repulsion cross a+/+6, the PD tetrads (a+ a+ 
+b +b) will not grow on minimal medium whereas the RD tetrads (ab ab ++ 
++) and the T tetrads (a+ +6 ab ++) will do so. In the coupling cross ab/+ +, 
only the RD tetrads do not contain prototrophic sporidia. By measuring the 
proportion of tetrads in each cross which will not grow on minimal medium, the 
frequencies of the two ditype tetrads are known and the recombination is given by: 

r= RD+}3T, 
or, since T= 1—RD—PD, 
r=3(1+RD-PD). 

In Perkins’ technique, each brandspore colony was tested for the presence of 
prototrophic sporidia by suspending all the sporidia from a single colony in a plate 
of minimal medium. This method is expensive in plates, and other techniques of 
whole tetrad analysis which are more convenient and less laborious have been 
devised. 

About 2000 brandspores were spread on plates of complete medium of which 
approximately 100 germinated and developed into colonies. In the earlier crosses 
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these were allowed to grow to a maximum diameter of about 4 mm. and were then 
replicated to minimal medium. A random sample of isolated colonies over 1 mm. 
in diameter was marked and their replicas were then examined. The same tech- 
nique has been developed independently for use with Chlamydomonas (Levine & 
Ebersold, 1958). In later crosses the colonies were allowed to grow to a maximum 
diameter of 2 mm., and colonies over 0.25 mm. were picked off the plate with a 
needle and transferred to small tubes or plates of minimal medium. The sporidia 
tended to stick together on slightly acid medium (pH 5-8) and whole colonies could 
be transferred very easily, whereas on neutral medium the sporidia tended to 
separate and the colonies were removed much less readily. 

There are of course several possible sources of error in measuring the frequency 
of PD or RD tetrads by these methods: 

(1) In the galls of the host the brandspores are formed in groups. Most of these 
are broken down by grinding up the gall and most of the rest removed by filtration. 
A few are plated on complete medium and it is therefore possible for a single 
colony to be derived from the germination of more than one spore. But with the 
germination frequencies of 5°, or lower which have been consistently observed, 
it has been calculated that the chance of this happening is negligible. 

(2) It is possible that during the growth of the brandspore colonies mutant 
genes might revert to wild-type, with the result that colonies would be incorrectly 
scored. A colony 2-0 mm. in diameter consists of about 2-5 x 10° sporidia and in 
certain crosses is liable to contain some revertant cells. However, it is very easy 
to distinguish between the rapid growth on minimal medium of a colony containing 
many thousands of prototrophic sporidia, and the much slower growth of one 
containing a few revertant sporidia which form sectors or patches growing out 
from a mass of auxotrophic cells. Colonies had sometimes been tested in tubes of 
liquid minimal rather than on agar medium, but this procedure was discarded 
since it was occasionally difficult to judge whether reversion had occurred. In the 
replication of colonies, only a few thousand sporidia were transferred to minimal, 
so that the chance of carrying over revertant cells was extremely slight. 

(3) In the majority of smut fungi it is usual for sporidia of opposite mating type 
to fuse on artificial media. In U. maydis this occurs much less readily. Several 
attempts were made to synthesize balanced heterokaryons or dikaryons by streak- 
ing mixtures of different auxotrophs of the same or opposite mating type on mini- 
mal medium (Beadle & Coonradt, 1944; Pontecorvo, 1946). None was successful, 
so it seems certain that prototrophic growth on minimal medium must always be 
haploid. 

(4) In a mixture of two auxotrophs on minimal medium each can secrete the 
growth factor the other lacks and allow mutual feeding or syntrophism to occur. 
Pronounced syntrophism leading to vigorous growth on minimal medium was 
never observed except after a lag of a week or more, whereas the prototrophic 
growth of brandspore colonies was scored after 2-3 days. 

(5) Homothallic or solopathogenic strains have been reported in U. maydis. 
They appear to arise as a result of abnormal brandspore germination and are 
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probably diploid. They appeared frequently in certain crosses (e.g. Christensen, 
1931; Chilton, 1943), but Schmitt (1940) encountered only three such strains 
in over 4000 he examined. In numerous routine tests for mating type no solo- 
pathogenicstrains have been found, but the possibility of obtaining rare brandspore 
colonies containing prototrophic diploid or aneuploid sporidia cannot be ignored. 

(6) There is a wide scatter in the time of germination of brandspores after they 
have been plated on complete medium which results in great variation in size of 
the colonies. Variation could also be due to the different growth rates of different 
types of colony, and since it is not possible to score a completely random sample 
of colonies, this could result in biased data. In a number of crosses tetrads were 
scored both by replication (colonies 1-4 mm.) and by transfer of whole colonies 
(0-25—2 mm.), and in none of these was there a significant difference in the results 
obtained by the two methods (crosses 13, 14 and 21 in Table 6, and crosses 59 and 
60, and 37, 39 and 40 in Table 7. The numbering of crosses in Tables 6 and 7 does 
not indicate the order in which they were carried out.) However, in a later cross 
a strong correlation between colony size and genotype was observed when scoring 
was by replication, although this correlation was absent if the other method was 
used (Holliday, 1959). It was considered that in certain crosses the replicator 
could fail to pick up prototrophic sporidia from the smaller colonies, or that a 
greater growth rate of prototrophs in comparison with certain mutant genotypes 
became evident only in large colonies. 

None of the above six possible sources of inaccuracy in the method of whole 
tetrad analysis was thought likely to lead to other than slight errors in quantitative 
results, provided that the tetrads were scored by transfer of whole colonies. This 
method of scoring was therefore adopted in all later crosses. 

Unfortunately two other sources of error were discovered during the course of 
the work. Some haploid sporidia or mycelial fragments from gall tissue survived 
the 1% copper sulphate treatment recommended by Christensen & Stakman 
(1926), and formed colonies indistinguishable from brandspore colonies. The 
scoring of such colonies led to the detection of differences between the PD and RD 
tetrad frequencies which could not have been due to linkage (Holliday, 1959). 
This error was prevented by using a 1-5 °% copper sulphate solution, which had no 
adverse effect on the viability of the brandspores. It was also discovered that in 
certain crosses there was incomplete basidiospore germination. This possibility 
had been ignored, since the basidiospores are indistinguishable morphologically 
from vegetative sporidia, whose germination is always complete on nutrient media. 
In addition the only reports of failure of germination of basidiospores in U. maydis 
and other smut fungi were in strains in which the germination of the brandspores 
was abnormal, being in association with lysis of sporidia and/or the production 
of solopathogenic lines (e.g. Christensen, 1931; Chilton, 1943; Fischer, 1940; 
Holton, 1951). Such abnormalities had not been observed in the strains used in 
the present investigations. The effect of failure of basidiospore germination on the 
detection and measurement of linkage by analysis of whole tetrads will be discussed 
below. 
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In a routine search for linkage by analysis of whole tetrads information is gained 
by making only the repulsion or the coupling cross. If the repulsion cross gives a 
PD tetrad value of greater than 50° then the genes are 25 or less units of recom- 
bination apart. With values between 50° and the theoretical minimum of 
16-67 °%, the genes may be loosely linked or unlinked. In the coupling cross RD 
tetrad values of less than 16-67 °, indicate linkage, whereas higher values indicate 


Table 6. The estimation of parental ditype (PD) tetrad frequencies by the examination 


of whole tetrads from repulsion crosses. (In each cross the first parent was of 
mating type a,b, and the second a,b,) 





Brandspore % 
treatment and Auxotrophic colonies Auxotrophic colonies 
Cross scoring method Total colonies (PD tetrads) 
2. thia-2/ad-3 CR 6/29 20-7 
3. thia-2/ad-1 CR 31/86 36-0 
10. thia-2/nic-3 CT 12/41 29-3 
5. me-1/cho-4 CR 350/1069 32-7 
6. me-1/arg-1 CR 197/460 42-8 
ll. me-1/ad-3 CR 99/567 17°5 
12. me-1/paba-1 CR 144/558 25-8 
13. me-1/nic-5 ro 53/233* } 24-0 
10/30 

14, nic-1/arg-5 CR 47/194* F 
CT 17/95 } oe 
15. me-1/ser-1 CT 0/13 0-0 
16. me-1/ad-4 CT 53/150 35°3 
17. me-1/pdx-2 CT 10/34 29-4 
18. nic-3/paba-1 CT 12/59 20-3 
19. nic-3/pdx-2 UT 18/74 24-3 
20. nic-3/nic-2 CT 69/274 25-2 
21. nic-3/nic-1 CR 58/189* } 30-7 

CT 49/159 

22. nic-3/nic-12 UT 18/61 29-5 
23. nic-10/pdx-2 UT 25/102 24-5 
24. nic-10/nic-2 Ur 35/95 36-8 
25. nic-10/nic-7 UT 27/103 26-2 
26. nic-10/nic-13 UT 30/102 29-4 
27. nic-10/nic-14 UT 13/38 34-2 
28. ad-1/nic-1 UT 11/84 13-1 
29. ad-1/ad-3 CR 12/58 20-6 
30. ad-1/ad-6 CT 25/96 26-0 
31. ad-1/ad-7 CT 0/4 0-0 
32. ad-1/ad-4 UT 25/116 21-5 
33. inos-2/nic-1 UT 42/111 37:8 
34. inos-2/nic-13 UT 5/13 38-5 
35. inos-2/pdx-2 UT 8/23 34:8 
36. leu-1/pdx-2 UT 32/115 27:8 


C indicates that the brandspores were treated with 1% copper sulphate and may have been 
contaminated with vegetative cells. 

U indicates that the spores were treated with 1-5% copper sulphate and were therefore 
not contaminated in this way. 

R indicates that brandspore colonies were scored by replication. 

T indicates that they were scored by transfer of whole colonies. 

* indicates that the CR and CT data are not significantly different. 
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that the genes are on different chromosomes and that neither is further than 
33-3 units from its centromere (Whitehouse, 1949; Papazian, 1952). 

The results of a series of repulsion crosses between various markers chosen more 
or less at random are shown in Table 6. Where only small numbers of whole 
tetrads were classified this was due to a poor harvest of brandspores from that 
particular cross. As expected, the proportion of mutant colonies in any of these 
colonies was never significantly lower than 16-67 °; nor was it ever higher than 
50 °%, so that none of these pairs of genes could have been closely linked. In crosses 
2, 3, 5, 6 and 10 evidence of the absence of linkage had already been obtained from 
analysis of random sporidia. Where 1 °%, copper sulphate had been used to purify 
the brandspores, some of the auxotrophic colonies may have been derived from 
parental cells. The real proportion of whole tetrads which are PD would then be 
lower than that given in Table 6. If the germination of the prototrophic basidio- 
spores was not complete the same effect would be produced. Therefore neither of 
these possibilities alters the conclusion that none of these markers are closely 
linked. 

Since the occurrence of close linkage seemed to be uncommon, several crosses 
were made both in coupling and repulsion phase in order to distinguish between 
loose linkage (PD> RD) and absence of linkage (PD = RD), and in the hope of 
obtaining tetratype frequencies which might be used in the calculation of centro- 
mere distances (Whitehouse, 1950). Seven loci were examined in detail: ad-/, 
me-1 (for which evidence of linkage had already been obtained), leu-1, pan-1, 
inos-2, nic-3 and nic-10. In some cases only the repulsion or the coupling cross 
was made. The data are presented in Table 7. If it is accepted that differences 
between the observed PD and RD tetrad frequencies indicate linkage, it is possible 
to allocate each of these markers to one of two linkage groups. The first contains 
four loci with the probable order : me-1, ad-1, leu-1, pan-1; and the second the other 
three loci in the order nic-3, inos-2, nic-10. There is no evidence of linkage between 
any two markers on different groups, except me-J and nic-3, where the significant 
excess of observed PD over RD tetrads can be explained by the survival of a small 
proportion of parental cells in the sample of brandspores. These two markers had 
been shown to be unlinked in three different crosses by analysis of random sporidia. 

However, in certain crosses between linked markers unexpected results were 
obtained. In crosses 45, 48 and 57 the RD values when considered in relation to 
PD values are higher than would be expected for linked markers. Papazian (1952) 
has given formulae for the expected frequencies of PD and RD tetrads for linked 
genes in the absence of chromatid or chiasma interference. These are: 

RD = }—4(1—e-9"!2)—e-m2, 
PD = }-4(1—e-9™2) + e-m2, 
where m is the mean number of cross-overs. These have been modified by White- 
house (personal communication) to the more amenable form: 
RD = }(1—2r)??+r—4, 
PD = }(1—2e)??-r+2, 
where r is the recombination frequency. 
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than | 
| Table 7. The estimation of parental ditype (PD) and/or recombinant ditype (RD) 
‘more | tetrad frequencies by the analysis of whole tetrads from repulsion and/or coupling 
whole | crosses among the seven loci: ad-1, me-1, leu-1, pan-1, nic-3, nic-10 and inos-2. 
, that Brandspore ’ % auxotro- 
these treatment Auxotrophic phic colonies Expected 
- than and scoring __ colonies =———_*\——-._ Recombi- PD and RD 
| Crosses method Total colonies PD RD nation % (%) 
TOSSeS Within linkage group I: 
| from } 37. me-1, a,b,/ad-1, a,b, CR 224*>) 
purify CT 03/190 . 41-0 2 ( 42-2 
: ae ae ee UT 50/127 J | J 
| from 39. me-1 ad-1, a,b,/a,b, CR 10/223") ¢ ore CS 
en be . * «2 « « CT 6/130 > 4-6 J L 5-8 
as 41. UT 6/126 J 
isidio- Pe 
q 42. ad-1, a,b,/leu-1, a,b, UT 84/1285 65-6 
her of 43. ce ste pa UT 57/66 86-4 ‘ ( 36-8-65-1 
losely } 44. od. 1, a,b, /leu-1, agb, UT 98/183 53-6 ( 18-8-35-4 < 
a 45. ad- 3 fine 1, a,b,/a,b, UT 31/129 24-0 J L 2°7-7-2 
46. me-1, Sehaiiow-i, a,b, UT 49/160* ) ’ r . 
rosses 47. me-1, a,b,/leu-1, a,b, UT 43/128 eal i 42-0 < oe 
bon 48. me-I leu-1, a,b,/a,b. UT 24/151 15-9 “i 10-8 
ween 49. leu-1, ayb,/pan-1, a,b, UT 48/191 25-1 _ Fr 28-4 
ope of 50. leu-1 pan-1, a,b,/a,b, UT 13/192 68 f 1 10-1 
" 51. me-1, a,b,/pan-1, a,b, UT 9/104 8-7 = f 16-7 
me | of ati pert. ohio UT 14/104 os f 7 1 1s 
ad-1, 53. ad-1, a,b,/pan-1, a,b UT 12/107 11-2 ca.50 
2% al} 191 / 
nan-I 
: ; Within linkage group II: 
lees 54. inos-2, a,b,/nic-10, a,b, UT 110/264 41-6 aii r 454 
rences 55. inos-2 nic-10, a,b,/a,b, UT 3/231 1:3 \ cies 1 5-1 
” reg ‘ : i rR re 5R.9 ‘a r 
»ssibl 56. inos-2, a,b,/nic-3, a,b, UT 59/105 56-2 } 8: J 48-5 
: “ 57. inos-2 nic-3, a,b,/aob, UT 13/107 12-1 a L 4-4 
ntains 58. nic-10, a,b,/nic-3, a,b, UT 23/101 22-8 ca.45 
other | : 
t ' Between unlinked markers: 
ween ‘ 
| 59. me-1, a,b,/nic-3, a,b, CR 62/277* 24-9 > 
ficant CT 69/264 } iis , 45:2 
small 60. me-1 nic-3, agb,/a,b, CR 87/497* ) 17-2 J 
CT 42/255 Sf sites 
's had 61. leu-1, agb,/inos-2,a,b, UT 13/89 «14-6 \ ewe 
ridia. 62. leu-1 inos-2, a,b,/a,b, UT 31/134 23-1 { F 
63. inos-2, a,b,/pan-1, a,b UT 7/40 17-5 1 
“ } . "ro 1“1 A 
) 64. inos-2 pan-1, a,bo/ayb, UT 30/104 ogg f oot 
ion to 65. inos-2, a,b,/me-1, a,b, UT 35/106 33-0 : 46-3+ 
1952) 66. inos-2 me-1, a,b,/a,b, UT 28/109 25:7 f 
sistem 67. leu-1, a,b,/nic-10, a,b, UT 46/125 368 50-38 
inked | 68. leu-1 nic-10, a,b,/a,b, UT 55/133 41:3 Sf . 
69. ad-1, a,b,/inos-2, a,b; CT 8/55 14-5 ca:50 
70. nic-10, a,b,/me-1, a,b, UT 10/56 17-9 a 
\ 71. nic-10, a,b,/pan-1, a,b, UT 20/103 19-4 o 
72. nic-10, a,b,/ad-1, a,b, UT 8/60 13-3 ‘ 
: 73. nic-3 pan-1, a,b,/a,b, CT 29/121 24-0 - 
Vhite- 74. nic-3 leu-1, a,bo/a.b, CT 36/157 22-9 " 


C, U, R and T: see footnote to Table 6. 

* Indicates that the data from different sources are not significantly different. 

+ Indicates that the observed RD and PD values are not significantly different. 
\ § The data from crosses 42, 43 and 44 are heterogenoeus (x2= = 23:3; P < 0-001). 
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The expected values for PD and RD tetrads (see Table 7) have been calculated 
by using the recombination frequency obtained from the observed PD and RD 
values. The justification for doing this is discussed below. With ad-1 and me-1, 
leu-1 and pan-1, and nic-10 and inos-2 the observed are not higher than the ex- 
pected values, whereas this is not so for ad-I and leu-1, me-1 and leu-1, and nic-3 
and inos-2. In addition three separate crosses between ad-1 and leu-1 gave results 
which were statistically heterogenous. 

These anomalous results can be explained if the germination of the basidiospores 
is not complete in certain crosses, and also if degree of failure of germination can 
be affected by an unknown environmental factor. The germination of basidio- 
spores was tested by crossing mutants ad-I or leu-/ to wild type and examining 
brandspore colonies. With complete germination of prototrophic basidiospores 
all these colonies should have grown on minimal medium. A small proportion did 
not do so, and it could be calculated that the basidiospore germination in three 
crosses of this type varied from 60° to 90°, (Holliday, 1959). 

In the crosses with nic-3 and inos-2, and leu-1 and me-/, it can be estimated 
(Holliday, 1959) that the germination is between 80°, and 90°, in both coupling 
and repulsion crosses; and with the unlinked markers the observed PD and RD 
frequencies are not significantly different (with the exception of me-/ and nic-3, 
where the difference can be attributed to survival of parental cells). The evidence 
therefore suggests that germination tends to be the same in repulsion and coupling 
crosses. If this is so it is possible to calculate the effect low germination will have 
on the detection of linkage. If, for instance, germination was as low as 50°, and 
the recombination calculated from the observed PD and RD values (as has been 
done in Table 7), then for real recombination values of 10, 20, 30, 40 and 50°, the 


observed values would be 20-5, 27-5, 35-0, 42-5 and 50°,. With 90° germination 
the observed values would be 10-4, 20-4, 30-2, 40-1 and 50°. Linkage is therefore 
still detectable and even measurable with some accuracy under these circumstances. 
Unfortunately it is impossible to obtain tetratype values for unlinked markers, 
since there is no means of determining whether high ditype values are due to poor 
basidiospore germination, or to linkage of the markers with their centromeres. 
Without this information the position of the centromeres cannot be identified, 
and it is not possible to be certain that the two linkage groups really correspond 
to separate chromosomes. 


(c) The isolation of the individual products of meiosis 

Most of the previous workers who have studied the genetics of Ustilago spp. 
isolated individual basidiospores from the promycelium in a linear order. In 
U. maydis Kernkamp & Petty (1941) demonstrated that there was immense 
variation in the development of the promycelium and the arrangement of basi- 
diospores. Normal germination with the production of a four-celled promycelium 
and a linear arrangement of basidiospores occurred regularly only in certain spore 
populations. With the strains used in the present work it has been found that 
normal germination is uncommon. Frequently more than one promycelium 
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Fig. 1. The isolation of biochemical mutants by replica plating. One of the colonies on the 
master plate of complete medium (left) is auxotrophic since it does not grown on the replica 
plate of minimal medium. 

Fig. 2. Tetrad analysis. A plate of complete medium on which four young colonies each 

derived from a single brandspore have been spread. 


Fig. 3. Part of a spread of a single brandspore colony. The four distinct types of colony have 


different biochemical requirements. Each is derived from one of the members of a tetratype 
tetrad. 
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appeared, or the proximal basidiospore had produced numerous sporidia before 
the terminal basidiospore had been formed. It was therefore difficult to identify 
by visual examination the individual members not only of ordered tetrads, but 
also those of unordered tetrads. Even if this difficulty was not present, the small 
size of the basidiospores makes micro-manipulation necessary for their direct 
isolation, and the slowness of this technique considerably outweighs its other 
advantages. Another method of isolation has therefore been devised. 

Brandspores were plated on complete medium. Plates were examined after 
about 36 hours and colonies with between about 10 and 50 cells, which could be 
seen to have been derived from a single brandspore, were removed on small blocks 
of agar. Plates of complete medium were marked into four equal sectors, and about 
0-01 ml. of sterile water was pipetted onto the centre of each. A single brandspore 
colony was placed in each of the drops of water. The block of agar was squashed 
and the sporidia spread over the surface of the agar within the sector with an 
instrument consisting of a triangular piece of copper sheet of 4-in. side, soldered 
to an inoculating needle. The sporidia from each brandspore colony separated 
very easily and on incubation a uniform distribution of colonies was obtained 
(Fig. 2, Plate I). 

The genotypes of the various types of colony were at first identified by replicat- 
ing the plates to appropriate test media until it was noticed that within sectors 
colonies of different biochemical genotypes (as determined by replica tests) were 
always of different appearance and colonies with the same requirements were of 
the same appearance. The differences were in colour, margin or shape, surface 
topography or size of colonies. Four colonies from one sector with different bio- 
chemical requirements are shown in Fig. 3, Plate I. It was therefore possible to 
determine merely by inspection how many genotypes were present in a sector. 
Only those with three or four genotypes were examined further. One of each type 
of colony in these sectors was inoculated to plates of complete medium; between 
twenty-five and fifty were accommodated on each plate, and their requirements 
identified by replication to test media. A somewhat similar method of isolating 
the products of meiosis has been developed independently by Levine & Ebersold 
(1958) for use with Chlamydomonas. 

The disadvantage of this method of tetrad analysis is that if germination of 
basidiospores is not complete, it is impossible to distinguish between ditype tetrads 
and tetrads in which only two of the products of meiosis have been recovered. It 
is therefore necessary to make multi-point crosses between loosely linked or 
unlinked markers in which the great majority of the tetrads would be tetratype. 
Since with Ustilago most of the labour lies in the isolation of the products of 
meiosis and not in the identification of the genotypes of the individual progeny, 
it is a considerable advantage to incorporate as many markers as possible into a 
cross in order to increase the yield of information per tetrad. 

A cross between ad-1 me-1 a,b, and leu-1 pan-1 a,b, was selected for detailed 
analysis. It was hoped to confirm the linkages between these markers and to 
obtain information on chromatid interference. The linkages between the markers 
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were sufficiently loose to make the probability of obtaining ditype tetrads very 
low. 

The germination of the basidiospores (as determined by the numbers of geno- 
types per brandspore colony) varied from 40 to 50 °%, with different crops of brand- 
spores. This meant that only 10-30% of the brandspore colonies yielded three or 
four genotypes. In those that yielded three, it could be deduced that the genotype 
which had not been recovered was more often than not one with three or four 
requirements. The overall low germination rate may therefore have been due to 
the fact that so many markers were segregating in the cross. With one crop of 
basidiospores attempts were made to increase germination by altering environ- 
mental conditions. These included: (1) reducing the glucose content of the medium 
to 0-5°% or increasing it to 2-0°%; (2) adjusting the pH to 7-0; (3) adding 1 ml. of 
maize extract per plate (10 g. of maize seedling tissue was ground up in a mortar, 
75 ml. distilled water was added and the mixture sterilized by Seitz filtration); (4) 
using malt agar medium, and (5) incubating the brandspores at 25°C. None of 
these conditions significantly stimulated basidiospore germination. 

A total of 124 tetrads were completely analysed. In 24 of these all four genotypes 
were recovered, and these showed normal 2:2 segregation for each marker. In 
100 three genotypes were recovered and none of these were incompatible with 
normal segregation for each marker, i.e. for each locus the mutant gene was present 
in either one or two, but never in none or all three of the genotypes identified. The 
recombination values were obtained from the frequency of each of the three tetrad 
types for each pair of markers. These data are given in Table 8. The order of the 
genes is the same as that deduced from whole tetrad analysis, but the evidence for 
linkage between leu-1 and pan-1 is less conclusive, particularly if only those tetrads 
in which all four genotypes were recovered are considered. That the proportion 


Table 8. Complete analysis of tetrads. The frequency of each class of tetrad for each 
pair of loci in the cross: me-1 ad-1, a,b, / leu-1 pan-1, a,b,. The figures in 
brackets give the frequency of tetrads in which all four products of meiosis were 
recovered 


Loci PD RD = Recombination (%) 
me-1, ad-1 49 (11) 1 (0) 74 (13) 30-6 
% 39-5 0-8 51-7 
ad-1, leu-1 74 (18) 0 (0) 50 (6) 20-2 
% 59-7 0 40-3 
me-1, leu-1 22 (5) 5 (0) 97 (19) 43-1 
% i773 4-0 78-2 
pan-1, leu-1 28 (4) 13 (4) 83 (16) 44-0 
% 22-6 10-5 66-9 
pan-1, ad-1 21 (1) 20 (3) 83 (20) 49-6 
% 16-9 16-1 66-9 
pan-1, me-1 17 (2) 23 (5) 84 (17) 52-4 


% 13-7 18-5 67:7 
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of undetected ditype tetrads was small is shown by the very close agreement to the 
expected 1:1:4 ratio for PD, RD and T tetrads for the markers ad-1, pan-1 and 
me-1, pan-1 which show independent segregation. A surprisingly high proportion 
of the tetrads were tetratype with respect to the markers me-/ and leu-1. This 
indicates that positive interference of the type described by Barrat, Newmeyer, 
Perkins & Garnjobst (1954) may be operating in this region of the chromosome. 
The coincidence value for cross-overs in this region is in fact 0-52; but since it is 
not possible to allow for the undetected ditype tetrads this figure can only be 
regarded as approximate. 

Five tetrads in which three of the genotypes were recovered were also analysed 
for mating type. Four of them were parental ditype with respect to pan-1 and the 
a locus, the other was tetratype. The evidence from random sporidia for the close 
linkage of these loci was therefore confirmed. 

From unordered tetrads it is possible to determine the strand relationship of 
cross-overs in adjacent intervals. Only the adjacent intervals between me-I and 
ad-1, and ad-1 and leu-I will be considered, since too high a proportion of un- 
detected multiple exchanges would be expected in the other interval. When three 
genes are segregating, there are twelve possible types of unordered tetrad. Using 
Whitehouse’s (1956) classification, the frequencies and cross-over derivation of 
each class are shown in Table 9. 


Table 9. The derivation and frequency of the twelve possible classes of unordered 
tetrad amongst 124 tetrads from the cross in which the three linked markers me-1, 
ad-1 and leu-1 were segregating. These markers are represented in the Table by 
A, Band C respectively 


Class AB BC AC Cross-overs (simplest derivation) Frequency 
1 PD PD FD none 18 
2 PD RD RD 4st in BC 0 
3 RD RD PD (4st in AB): (4st in BC) 0 
+ RD PD RD 4st in AB 0 
5 PD x T 1 in BC 31 
6 RD dy tT (4st in AB):(1 in BC) 1 
7 T T PD (1 in AB) 2st (1 in BC) 3 
8 T T RD (1 in AB) 4st (1 in BC) 5 
9 r PD T 1 in AB 56 
10 T RD T (1 in AB):(4st in BC) 0 
11 & 12 ‘5 z Tr (1 in AB) 3st (1 in BC) 8+2 


2st, 3st and 4st indicate two-strand, three-strand and four-strand relationships. 
: indicates that the strand relationship between adjacent cross-overs may be of any kind. 


Classes 7, 8, 11 and 12 give information concerning chromatid interference. As 
Whitehouse (1956) has pointed out, classes 6 and 10 give a measure of the frequency 
of triple cross-overs within the region. Only one tetrad of this type was observed, 
therefore there are likely to be few, if any, undetected two- or three-strand double 
exchanges within each interval. The observed frequency of two-, three- and four- 
strand relationships are 5, 10 and 3, which give a close fit to the expected 1:2:1 


ratio for these types of double cross-overs in the absence of chromatid interference. 
P 
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DISCUSSION 

Much of the genetic experimentation has been concerned with the development 
of techniques suitable for carrying out genetic analysis with biochemically deficient 
strains. The aim throughout was to invent methods which would allow extensive 
linkage data to be collected at the expense of accuracy, rather than the converse. 
Each of the methods which has been investigated has been subject to certain 
sources of error, yet there were no contradictions between results derived from 
different analyses, nor were there inconsistencies in the linkage data used to 
determine the linear order of genes on the chromosome. The combined data from 
different sources were used to construct the chromosome maps shown in Text- 


LINKAGE GROUP I 


me-1 ad-1 leu-1 (pan-1 a) 
w<- —30-6— —>< — -20-2-- 3 -— —-- 44-0 — - -- > -5:3-> 
K----43-1->+-------- > : 

: ----—----+- 49.6 ----—--- 
<------ + ---52:-4--+------------ + 


LINKAGE GROUP II 


nic-3 inos-2 nic-10 
ee OOO ee Eee 
<- — —28-0— — > —--— 29:9-— > 
x< -—<——= ca. 45 -& = — — > 


Text-fig. 1. Chromosome maps of U. maydis. Recombination values for linkage 
group II were obtained from analysis of whole tetrads; for a and pan-I (the 
order of which is uncertain) from random sporidia and complete tetrad 
analysis, and for me-1 to pan-1 from complete tetrad analysis. 


fig. 1. Since the centromeres have not been identified it is not yet possible to be 
certain that the two linkage groups correspond to the two chromosomes which 
have been observed cytologically. In a total of fifty-four crosses made largely at 
random between different pairs of biochemical mutants, linkage has been detected 
relatively rarely. Moreover, the linkages which have been detected, with one 
exception, have been found between markers widely spaced on the chromosome. 
The evidence suggests that the linkage groups may be very long. 

Most of the difficulties which have been encountered in the three methods of 
analysis which have been investigated can be attributed to poor germination 
of the basidiospores. There is little information concerning the factors which 
control the rate of germination. In crosses between certain strains germination of 
the basidiospores was always very high. In other crosses germination was some- 
what lower but remained constant when crosses were repeated. Germination 
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therefore appeared to depend on the genetic constitution of the brandspore. Yet 
in a third group inexplicable variation in basidiospore germination occurred in 
different crosses between the same parents. In these, environmental influence must 
have been interacting with genetic factors in determining the level of germination. 
There are no indications as to whether the environmental effect is derived from 
the medium on which the brandspores were germinated or was due to the host 
environment in which the brandspore developed. Conditions for improving the 
germination have scarcely been explored. The fact that in certain crosses germina- 
tion rates are particularly susceptible to environmental influence; that low germi- 
nation of basidiospores in smut fungi has rarely been previously recorded, and that 
in certain early crosses in which random sporidia were analysed, germination must 
have been uniformly high for various genotypes, strongly suggest that the correct 
conditions for high germination could be found. 

The compact growth of sporidial colonies is an immense advantage, since the 
technique of replica plating can be used for the very rapid identification of the 
requirements of large samples of progeny. Another feature which has turned out 
to be invaluable is the failure of sporidia to form heterokaryons or dikaryons on 
artificial media. Had this not been so it is doubtful whether any of the techniques 
which have been used would have been possible. With high germination of the 
basidiospores the methods of genetic analysis which have been developed could 
be used to accumulate data very rapidly. In particular the method of complete 
analysis of tetrads would benefit, and would enable information relevant to an 
understanding of crossing-over to be accumulated on a larger scale than has been 
possible previously in organisms in which tetrads must be dissected manually or 
with the aid of a micro-manipulator. 

There is evidence that positive chiasma interference occurs between the loosely 
linked markers me-I and leu-1. If so it is improbable that the centromere lies 
within this interval. In a sample of eighteen double cross-overs between these 
markers which were detected by tetrad analysis, no indication of chromatid inter- 
ference was obtained. These data therefore provide additional support for the 
growing body of evidence from organisms in which tetrad analysis is possible, that 
such interference is absent within chromosome arms (see review by Perkins, 1955; 
Strickland, 1958 (see Whitehouse, 1958a); Levine & Ebersold, 1958; Whitehouse, 
unpublished). On the other hand conflicting evidence has been obtained when 
double crossing-over across the centromere has been examined (see Whitehouse, 
1958)). 


SUMMARY 


1. Many of the Ustilaginales, or smut fungi, appear to have the qualities neces- 
sary for the application of modern techniques of microbial genetics. Ustilago 
maydis is considered the most suitable species. 

2. Investigations of the mating system confirm reports that the production of 
diploid brandspores in the host is controlled by alleles at two loci. 
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3. Genetic markers were obtained by inducing mutations in a wild-type strain 
with ultra-violet light. Of 100 biochemical mutants which were isolated, the 
growth requirements of 94 were identified. Thirty of these were used in genetic 
tests. 

4. The compact growth of colonies on artificial media allowed new techniques 
to be developed by means of which large samples of progeny could be isolated and 
identified easily. The analysis of brandspore colonies consisting of the products 
of single meiotic divisions is the quickest method for detecting linkage, but its 
accurate measurement appears to be achieved by examining the individual 
members of tetrads. 

5. Linkage was detected relatively rarely, but eight markers, including the a 
mating-type locus, were assigned to one or other of two linkage groups. Although 
recombination values were not always determined accurately owing to irregular 
basidiospore germination, the auxotrophic markers in each group could be mapped 
in a linear order. Since no indication of other linkage groups was obtained, the 
genetic evidence is so far consistent with cytological reports that the basic haploid 
chromosome number is two in the smut fungi. 

6. Three linked markers were used to investigate chromatid interference by 
tetrad analysis. None was detected in a total of eighteen double exchanges. 
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Heterothallism in Ustilago maydis was first conclusively demonstrated by Hanna 
(1929). Infection and the production of diploid brandspores in the host, Zea mays, 
can normally only take place following the formation of a dikaryon from two com- 
patible haploid strains. Rowell & De Vay (1954) and Rowell (1955a) showed that 
these processes were under the control of two loci, the a locus with two alleles and 
the b locus with multiple alleles. During the course of extensive investigations into 
the pathogenicity and mating system of U. maydis, several workers have en- 
countered stable homothallic strains which were pathogenic when inoculated alone 
into the host (see Christensen & Rodenhiser, 1940; Holton, 1953). These strains 
appeared to be formed following the failure of reduction at meiosis during the 
germination of the brandspores. The frequency of their occurrence varied very 
considerably in different crosses. Strains derived from brandspores produced by 
solopathogenic strains often showed segregation for compatibility factors, which 
demonstrated that the solopathogens were heterozygous for such factors. Christen- 
sen (1931) found that the vegetative cells of sporidia were uninucleate, and con- 
sidered that the strains were diploid rather than dikaryotic. Rowell (19556) 
obtained further evidence for this by showing that somatic segregation and recom- 
bination of the two compatibility loci could be induced by alpha radiation. Had 
the sporidia of the solopathogen not been diploid, only the original parental geno- 
types should have been recovered as segregants. 

Pontecorvo, Tarr-Gloor & Forbes (1954) and Pontecorvo & Kafer (1958) have 
demonstrated that segregation from heterozygous diploid strains of Aspergillus 
nidulans can take place as a result of two independent processes. The first is 
mitotic crossing-over, which had already been discovered and analysed in detail 
in Drosophila by Stern (1936). This process takes place at the four-strand stage 
and is followed by normal mitotic segregation of centromeres. It is detected by the 
fact that half the cross-overs result in the production of homozygosity from the 
point of exchange to the end of the chromosome arm. An analysis of mitotic 
crossing-over indicates the position of the centromere and the linear order of 
markers within each arm. The second is the process of haploidization, during 
which markers on different chromosomes may recombine, but markers on the same 
chromosome always segregate together. This allows markers to be assigned to 
specific linkage groups. Since the initial work on Aspergillus, somatic segregation (in 
which mitotic crossing-over and haploidization have not usually been distinguished) 
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has been demonstrated in a number of other Ascomycetes or imperfect fungi (see 
reviews by Pontecorvo, 1956, 1959). 

If solopathogenic strains of U. maydis are indeed diploid it should be possible 
to obtain such strains which are heterozygous for several biochemical markers, and 
to follow the segregation of these. The present work was originally undertaken in 
order to examine the possibilities of using somatic segregation as a routine genetical 
technique in the construction of linkage maps in U. maydis; it has in addition 
suggested the means whereby an experimental investigation of the mechanism 
of mitotic crossing-over could be undertaken. 


METHODS 


Strains. The same stocks as those previously described (Holliday, 1961) have 
been used. Five biochemical markers have been employed: ad-1, me-1, leu-1, 
pan-I1 and nic-3 (growth requirement of adenine, methionine, leucine, pantothenic 
acid and nicotinic acid respectively). 

Media. The composition of the complete and minimal media previously used 
has been modified. The following components have been altered: 

Agar: New Zealand Davis agar. 

Salt solution: made up to twice the concentration used previously and 62-5 ml. 
added to each litre of medium. 

Hydrolysed casein: ‘Oxoid’ hydrolysed casein, 2-5 g. per litre of complete 
medium. 

Yeast extract: ‘Oxoid’ yeast extract, 1 g. per litre of complete medium. 

The pH of media was adjusted to 7-0 before sterilization. 

Ultra-violet light irradiation. In order to induce segregation, 10 ml. of a suspen- 
sion of diploid sporidia in distilled water were exposed with continual agitation in 
an open petri dish 16cm. from a 7-watt Hanovia low-pressure mercury lamp. 
Eighty-five per cent of its output was in the 2537 A region, and the dose at this 
distance was 1300 ergs/cm?/sec. Sporidia were either freshly grown on complete 
medium or had been stored in suspension at 3°C. for short periods. 

The isolation and identification of auxotrophs. Sporidia were spread on plates 
on complete agar and the colonies replicated to minimal medium (Lederberg & 
Lederberg, 1952). Late-germinating or slow-growing colonies less than 0-5 mm. in 
diameter often failed to replicate and were therefore usually ignored. Auxotrophs 
were isolated by removing some of the non-growing cells on minimal medium and 
inoculating them on plates of complete medium. Their requirements were tested 
either by replication to plates of supplemented minimal medium or by auxano- 
graphic techniques. 

Inoculation of maize seedlings. A new method of inoculation has been used which 
is considerably quicker and simpler than inoculating with a hypodermic syringe, 
or by the partial-vacuum method of Rowell & De Vay (1953). Seeds of maize 
variety Golden Bantam were dusted with mercury seed dressing and germinated 
on moist plastic foam at 25-30°C. Seedlings with a coleoptile length of 1-4 cm. 
were selected for inoculation. Inocula were prepared by streaking sporidia on 
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plates of complete medium (usually four streaks per plate) and incubating for 
2 days. The coleoptile and young leaves of the seedlings were severed with a 
scalpel about 2 mm. above the node. The exposed surface of the shoot was jabbed 
successively into the appropriate inocula. Six seedlings were inoculated for each 
mating type test or for tests of solopathogenicity. The seedlings were grown under 
the same condition as previously described. This method of inoculation resulted 
in early death or extreme stunting of about 20 °% of the seedlings, irrespective of the 
pathogenicity of the inocula. In tests between compatible haploid strains, as 
high a proportion of the surviving seedlings developed galls as with other methods 
of inoculation. 

Other methods and techniques are the same as described previously or are given 
in the text. 


EXPERIMENTAL RESULTS 
(a) The detection of solopathogenic diploid strains 


From analysis of tetrads (Holliday, 1961) it was known that the marker ad-1 
was situated between me-I and leu-1, about 30 units of recombination from the 
former and 20 from the latter. A fourth marker, pan-1, which is closely linked to 
a, was probably loosely linked to /eu-1. A cross was set up with adjacent markers 
in repulsion and including a further marker, nic-3, unlinked with any of the others: 
me-I leu-1 a,b, x ad-1 pan-I1 nic-3 a,b,. From this cross, wild-type prototrophic 
progeny should be obtained only as a result of a double cross-over, or triple cross- 
over if lew-1 and pan-I are linked. If any diploid strains arose these should also 
be prototrophs since biochemical markers are recessive. 

It was found that about 10° of a random sample of progeny were in fact stable 
prototrophs. It was very unlikely that all of these could have arisen as a result of 
multiple exchanges. Several isolates were inoculated into maize seedlings and 
were found to be solopathogenic. This particular cross appeared to produce an 
unexpectedly high frequency of failure of reduction at meiosis, whereas other 
crosses between stocks derived from the same wild-type strains did not produce 
detectable abnormalities. The galls produced by these solopathogenic strains 
were rather small, very irregular in shape and green or translucent in appearance, 
and were quite distinct from the large smooth white galls which are usually pro- 
duced when two compatible haploid strains are inoculated. Some of these dif- 
ferences are shown in Fig. 1, Plate I. 

One solopathogenic strain designated Diploid I was selected for detailed exami- 
nation. All five biochemical markers were recovered in the progeny of a sample of 
brandspores produced by this strain. The sporidia were stained with basic fuchsin 
after acid hydrolysis (DeLamater, 1948), and were found to be regularly uninu- 
cleate. The diameter of the conidia has been used in Aspergillus as a criterion of 
diploidy, but in Ustilago sporidia are too variable in size (depending on their state 
of division) for this to be possible. The diploidy of sporidia has, however, been 
confirmed by other means. In sporidia stained with orcein after cold acid hydro- 
lysis La Cour (in the press, and unpublished) observed two chromosomes at 
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metaphase in a haploid strain and four chromosomes in Diploid I. Dr N. Sunder- 
land, of this Institute, has measured the deoxyribonucleic acid (DNA) content of 
sporidia of Diploid I, of an artificially synthesized diploid (see below) and of two 
wild-type haploids, a,b, and a,b,. Using the methods described by Sunderland 
& McLeish (1961) he found that the values for the diploids were 3-9 and 4-0 g. x 
10-18 per sporidium and for the haploids 2-0 and 1-8 g. x 10-18 per sporidium. 

There can be little doubt that solopathogenicity is a reliable criterion of diploidy 
in U. maydis. 


(b) The segregation of Diploid I: 


+ me-Il + leu-I + ad, by 





nic-3 + ad-l + wpan-la, b, 

A search was made for auxotrophic segregants arising spontaneously from 
Diploid I. About 200 sporidia were spread on each of a series of plates of complete 
medium. On replication to plates of minimal medium, about 0-1 °; of the colonies 
proved to be auxotrophic, and three recessive markers were recovered in the small 
sample of segregants which was obtained (see Table 1). 

In order to increase the sample of segregants without the labour of scoring very 
large numbers of colonies, two procedures are possible. Special techniques can be 
used which automatically select rare spontaneous segregants. Several have been 
developed for this purpose in Aspergillus nidulans (Pontecorvo & Kafer, 1958). 
Alternatively the rate of production of segregants can be increased by artificial 
treatments. Ultra-violet light has been used by Ikeda, Ishitani & Nakamura 
(1957) with Aspergillus sojae, and by James (1955), James & Lee-Whiting (1955) 
and Roman & Jacob (1958) with Saccharomyces; X-rays and nitrogen mustard by 
Sermonti & Morpurgo (1959) and Morpurgo & Sermonti (1959) with Penicillium 
chrysogenum ; alpha-particles by Rowell (19556) with Ustilago maydis, and formal- 
dehyde, as well as ultra-violet light and nitrogen mustard, by Fratello, Morpurgo 
& Sermonti (1960) with Aspergillus nidulans. The use of treatments such as these, 
combined with indirect selection by means of replica plating, appeared to be the 
most convenient method at least for initial experiments. 

Three experiments were carried out with low, high and intermediate doses of 
ultra-violet light. The results are presented in Table 1. The proportion of segre- 
gants among the survivors of the irradiation rose with increasing dose. The increase 
could not be due to the preferential survival of segregants already present in the 
cell population prior to irradiation, since with the low dose of radiation the rate 
of segregation was seven times higher than the spontaneous rate, whereas only 
40 % of the cells were killed. There was therefore an absolute increase in segregation 
frequency. 

All five markers were recovered amongst the segregants. With the exception 
of a single methionine requirer, all the segregants fell into the five classes: ad-/, 
leu-1, me-1 leu-1, pan-1 and nic-3. There appeared to be no significant differences 
in the frequencies of the types of segregant obtained in the different experiments. 
The fact that so few classes of segregant were obtained and that all except one had 
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ne had | viability. 
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It was found that after the lowest dose of ultra-violet radiation several of the 
colonies were of mixed phenotype. Ten were observed which consisted of a mixture 
of auxotrophic and prototrophic sporidia. Their replicas on minimal medium 
consisted of a semicircle of growing cells next to one of non-growing cells. The 
latter in each case responded to nicotinic acid. Two auxotrophic colonies were 
detected which were found to consist of a mixture of ad-/ and leu-1 segregants. 
These mosaic colonies would have arisen if the reciprocal products of a single 
cross-over survived. They correspond to the twin spots in Drosophila, by means 
of which Stern (1936) was able to prove the occurrence of mitotic crossing-over. 
Similar mixed colonies have been observed in yeast after ultra-violet irradiation 
of heterozygous diploid strains (James, 1955; James & Lee-Whiting, 1955). 
Mosaic colonies are liable to remain undetected, so their true frequency is probably 
higher than that observed. 

Witkin (1958) has shown in Escherichia coli that post-irradiation treatment with 
caffeine can greatly increase the mutagenic effect of ultra-violet light, and an 
experiment was planned to determine whether a corresponding increase of somatic 
segregation could be achieved by this means. It was found, however, that caffeine 
itself induced segregation. Sporidia grew very slowly on a complete medium 
containing 0-1 ° caffeine. After two or more days’ growth sporidia were harvested, 
suspended in water and plated on complete agar. Viability of sporidia was com- 
plete or nearly so. The results of these experiments are given in Table 1. The same 
types of segregants were obtained as previously, but the frequencies differed. 
There was no longer an excess of nic-3, and there were no pan-I1 segregants except 
after the 11-day treatment, when they became extremely frequent. Clearly some 
selective mechanism for this segregant was operating. This could have been due 
to partially recessive mutations at a locus in the same arm as pan-I which con- 
ferred some resistance to caffeine. Mitotic crossing-over could lead to homozygosity 
of this locus and pan-I together with greater resistance to caffeine. 


(c) The artificial synthesis of diploids 

It was considered necessary to confirm the above conclusions by obtaining a 
diploid with the same markers in different coupling and repulsion arrangements. 
Suitably marked haploid stocks were available but when these were intercrossed 
abnormal segregation at meiosis was not observed. Therefore any prototrophic 
solopathogenic strains among the progeny were likely to be too rare to be detected. 
Nor were the methods which had been used in other fungi possible in U. maydis, 
since balanced heterokaryons between different auxotrophs are not obtainable. 
A suggestion by my colleague Dr P. R. Day led to the discovery of a new method 
for selecting diploid strains. 

Maize seedlings were inoculated with ad-1 me-1 a,b, and leu-1 pan-1a,b,. The 
nic-3 marker was omitted since the majority of segregants from Diploid I were 
nicotinic-acid requirers, whereas interest was centred mainly on the behaviour of 
the other four markers. As soon as galls appeared, which was 5 days after inocu- 
lation, pieces of tissue were removed from the centre of the galls under aseptic 
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conditions and placed on plates of minimal medium. Brandspores are not present 
in galls of this age. The dikaryotic mycelium is unable to grow on minimal medium, 
and the chance of obtaining reversions to prototrophy in either of the inoculated 
strains was negligible. There should be very strong selection for any diploid nuclei 
which could initiate sporidial growth. Each of several pieces of gall tissue yielded 
one or more colonies of vigorously growing prototrophic sporidia. Twelve sporidial 
isolates from six such colonies were made and all were found to be solopathogenic. 
The galls were similar to those produced by Diploid I. One of the isolates was 
selected for further examination. It will be referred to as Diploid II. 

This method has been subsequently used in the routine synthesis of various 
heterozygous diploids from auxotrophic haploids (unpublished data). For instance, 
several diploids were obtained by this means from the same strains which gave rise 
to Diploid I. The DNA content of one of these was measured and found to be the 
same as that of Diploid I (see above.) 


(d) The segregation of Diploid IT: 
me-I ad-I + + a, b 


+ + leu-l pan-la, 0b, 

No spontaneous segregation was detected in a sample of over 6,000 colonies. Four 
experiments with ultra-violet treatment and one with caffeine were carried out. 
In detecting and classifying segregants a careful search was made for any mixed 
colonies which could consist of the reciprocal products of crossing-over. The results 
are shown in Table 2. 


Table 2. The segregation of Diploid IT: 


b, me-1 ad-I + + Ay 
Oo —— a 
bs + + leu-1 pan-1 a, 











Frequency of segregants with Frequency of mosaic 
requirement for: coloniesf (reciprocal 
—_ Oo! — products of crossing-over) 
Segregants* pan ad ad leu me me , -——\—. — 
Treatment (%) a + pan/+ ad/leu ad me/leu 
me leu 
None < 0:047§ none 
U.V. light Survival 
(min.) (%) 
1 53 0-72+0-12 20 9 4 7 1 0 12 3 2 
2 10 2:10+0-69 24 4 8 9 0 1 0 0 
4 0-8 1:85+0-41 41 14 14 10 2 0 1 1 2 
5 0:08 3-06+0-53 12 5 8 8 3 0 0 0 0 


Total U.V. treated 97 32 34 34 6 1 
0-1% caffeine medium 
4 days 1-72+0-44 0 1 4 6 0 0 


* Mosaic colonies scored as single segregants. 
+ Components included in totals in previous columns. 
§ 5% upper fiducial limit. 








238 Rosin HOLLIDAY 


All the four markers were recovered amongst the segregants. Again the fre- 
quency of segregation increased with ultra-violet dose, and there were no con- 
spicuous differences in the frequencies of each class of segregant with different 
doses. The caffeine treatment, as with Diploid I, did appear to have a different 
effect from ultra-violet in that it produced no pan-I segregants. There was also 
no evidence for the occurrence of haploidization. Since during this process chromo- 
somes assort at random, if pan-1 is on a different chromosome from the other three 
markers, half the haploids would have been leu-1 pan-1 or me-I1 ad-1 pan-1; if it 
was on the other arm of the same chromosome, half the haploids would have been 
leu-1 pan-1. The fact that segregants of this type were not observed, indicates that 
haploids must be rare, if not absent, in the sample of segregants obtained. 

The majority of the segregants fell into four main classes: Jew-1, ad-1, ad-I me-1 
and pan-I, and each of these could have been derived from a single mitotic ex- 
change. The position of the centromere in relation to the linked markers was 
confirmed; and pan-/ lies on a separate arm from these markers. After the lowest 
dose of radiation a number of colonies were found which were half auxotrophic 
and half prototrophic. The auxotrophs always responded to pantothenic acid. 
Some colonies which were auxotrophic were clearly distinguishable into two halves 


of different pigmentation (Fig. 2, Plate 1). When cells were isolated from each half 


and tested for their requirement, it was found that those from the non-pigmented 
half always required leucine, and those from the brown required either adenine 
or adenine and methionine. These mosaic colonies are those that would be expected 
to arise from a reciprocal mitotic exchange. A few similar colonies were found after 
higher doses of ultra-violet, but a high proportion of mixed colonies would not be 
expected when sporidial survival was low. 

The me-1 segregants could have arisen as a result of double crossing-over. The 
data suggests that this is more liable to occur after a high dose of radiation. The 
origin of the segregant me-I leu-1 was less easy to explain. It could have arisen 
as a result of three exchanges involving all four chromatids, but a more probable 
origin is as follows. A spontaneous exchange between me-I and ad-I with the 
incorporation of both recombinant strands into the same daughter cell would 
me-1 + leu-1 pan-1 
+ ad + + 
between the centromere and me-1 in a later division, probably after irradiation, 
would produce the me-/ leu-1 segregant. The occurrence of spontaneous rearrange- 
ment of markers emphasizes the importance of using freshly synthesized diploids 
for mitotic analysis if confusing results are to be avoided. It may have been that 
the shortage of pan-1 segregants from Diploid I in comparison with their frequency 
from Diploid II was due to part of the cell population in the former becoming 
homozygous for the wild-type allele following spontaneous crossing-over at an 
early stage in the growth of this strain. Since different cell populations were 
usually used in the different irradiation experiments, any significant variation 


in the proportion of each type of segregant between experiments could perhaps be 
attributed to the same cause. 


produce a prototroph of the genotype: An exchange 





(ienetical Research, Vol. 2, Part 2 Plate I, Figs. 1-3 
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(e) Confirmation of the diploidy of segregants 

A simple test can be carried out on the segregants to confirm that they are not 
in fact haploids. If haploid they should produce normal galls with one of the four 
wild-type tester strains: a,b,, a,b,, a,b, and a,b,. If they are diploid they should 
be potentially solopathogenic, provided they are still heterozygous for the a and b 
loci; but their pathogenicity will be reduced or eliminated by their auxotrophy. 
It has previously been shown that when strains of opposite mating type which 
carried the same biochemical marker were inoculated into maize pathogenicity 
was impaired. With the markers ad-1, me-I or leu-1, none of the usual signs of 
infection were observed. With vitamin-requiring strains galls were formed, but 
these were very small and only appeared in a small proportion of the seedlings. 

A random sample of segregants from Diploid I was tested for solopathogenicity 
and against the tester strains. This consisted of 13 nic-1; 10 ad-1; 9 pan-1; 1 leu-1 
and 5 me-I leu-1 segregants. In no case was a typical haploid reaction observed. 
All except a single nic-3 and a single me-I leu-1 segregant either produced very 
small galls whether inoculated alone or with one of the testers, or were entirely 
non-pathogenic. The two exceptions produced white galls with a,b, and a,b,, and 
no galls with the other testers. These strains appear to be homozygous b, whilst 
remaining heterozygous for the a locus. Strains with similar behaviour were found 
by Rowell (19556). The me-I leu-1 segregant had other unusual properties which 
will be discussed below. Its behaviour showed that the common b, nic-3 segregant 
probably arose as a result of two exchanges, each giving rise to homozygosity for 
a single locus. When Diploid I was itself inoculated with the haploid testers the 
reaction was always the same as when it was inoculated alone. 

Pan-1 is closely linked to the a locus. Of 19 tetrads in which segregation for 
these loci was followed 17 were parental ditype and 2 were tetratype, and in 18 
random progeny no recombination was observed (Holliday, 1961 and unpublished 
data). The majority, if not all, the segregants which are homozygous for pan-I 
must also be so for a,, which is the allele in coupling with it; yet there was no 
evidence of increased pathogenicity when these segregants were inoculated with 
a,b, or a,b, as compared with the other tests. Common a diploids must therefore 
be solopathogenic. In order to test the possibility that a third 6 allele might 
interact with diploids heterozygous 6,/b,, Diploid I and two pan-1, two nic-3 and 
one ad-] segregant from it were tested against strains a,b, and a,b,. In each case 
the reaction was the same as that with the other testers. 

A second method for showing the diploidy of segregants is to demonstrate that 
they are still heterozygous for the markers which have not segregated. Three 
pan-1 segregants which were obtained from Diploid II after 5 minutes’ ultra-violet 
treatment were examined in this way. After irradiation with ultra-violet each 
showed segregation for the other three markers. The results of these experiments 
are shown in Table 3. 

(f) An unstable segregant 

The me-1 leu-1 segregant which was found to be homozygous b, was recovered 

from Diploid I after 5 minutes’ irradiation. It grew very slowly on complete 
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Table 3. Second-order segregation from three pan-1 segregants from Diploid II 


Frequency of segregants with require- 


Number of U.V. light Survival Segregants ment for pantothenic acid and 
segregant (min.) (%) (%) aoa — EF 

ad ad + me me leu 

1 2 0-5 1-11+0-27 7 7 2 10 

2 2 0-5 0-96 + 0-20 11 5 2 6 

3 2 0:8 0-77+0-19 7 + 2 4 


medium but produced sectors which grew at the normal rate and were completely 
stable (Fig. 3, Plate 1). Both the slow-growing cells and those from a number of 
different sectors responded to methionine and leucine. The tests for pathogenicity 
had been carried out on strains derived from two separate sectors. 

If the sectors are homozygous me-1 leu-1 and b,, and heterozygous for the a locus, 
they are also likely to be heterozygous for nic-3 and pan-1 and lack the ad-1 
marker. Sporidia derived from one sector, were irradiated with ultra-violet for 
24 minutes. Colonies derived from surviving sporidia were replicated to minimal 
medium supplemented with hydrolysed casein. Twenty-seven segregants were 
obtained; twenty had an additional requirement for nicotinic acid and seven for 
pantothenic acid. Two of the former were tested for their mating response, which 
was found to be the same as that of the parent strain. Two of the latter were also 
tested; they produced normal galls only with a,b,. Since pan-I is closely linked 
to the a locus this result was expected. These two me-I leu-1 pan-1 segregants are 
homozygous for both a and 6 loci and give a mating response indistinguishable 
from a haploid a,b,, although the genetic evidence shows them to be diploid. 

It seemed probable that the original unstable strain was aneuploid or mono- 
somic, and that it gave rise to a stable diploid strain homozygous for one chromo- 
some following nondisjunction of centromeres at mitosis. Such strains might be 
expected to lose a chromosome by the same process and become haploid (Ponte- 
corvo & Kafer, 1958). Half the haploids should be me-I leu-1 pan-1 nic-3, but no 
sectors with this genotype were detected. If the sectors were homozygous for one 
chromosome, this indicates that the b locus must be on the same chromosome as 
me-1, ad-1 and leu-1, but on the opposite side of the centromere from these markers. 
(The possibility that it is on the same side and closely linked to the centromere 
seems less probable, since the nic-3 segregant from Diploid I which was homo- 
zygous b, was not homozygous for the markers in coupling with b,, as would have 
been expected following an exchange between the centromere and the b locus). 
If this is so, the loci nic-3 and pan-1 must be on opposite arms of the second 
chromosome. 


(9) Synthesis of a triploid 


Since a diploid homozygous me-I leu-1 b, was available, it was possible to use 
it to obtain a triploid strain. The diploid was inoculated with ad-1 pan-I1 nic-3 a,b,. 
Six days after inoculation pieces of gall tissue were placed on minimal medium. 
After a lag of several days a single prototrophic colony appeared. This was found 
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to be weakly solopathogenic. No brandspores were formed in the very small galls. 
Unlike prototrophic diploid strains, this strain was rather unstable. Considerable 
morphological variation occurred and the rate of spontaneous segregation to 
auxotrophy was high. Of 1220 colonies replicated from complete to minimal 
medium, 17 were auxotrophic, a segregation frequency of 1-39 + 0-34 %. 

If this strain was triploid it should have the following genotype: 














b, me-l +  leu-I nic-3 pan-l a, 
o— - Oo 

b, me-l +  leu-l = + As 
-o Oo 

b, + ad-Il + nic-3 pan-l a, 


Mitotic exchanges should lead to homozygosity from the point of exchange to the 
end of the arm for two out of three homologous chromosome arms. It should 
therefore be possible to obtain segregation for all the markers except ad-1/, since 
this could only become homozygous following two successive exchanges. One 
hundred and thirteen auxotrophic segregants which arose spontaneously or after 
ultra-violet treatment were identified. They had the following phenotypes: 


nwC-3 59 
pan-1 39 
leu-1 4 
me-I leu-1 7 
nic-3 pan-1 3 
me-I leu-I nic-3 pan-1 l 


Total 113 


It is not possible to determine by mating tests whether these segregants were all 
triploids or whether, as may be possible, diploids were also present. The fact that 
no ad-1 segregants were obtained provides evidence for the triploid condition of 
this prototrophic strain, but the additional evidence which would be provided 
by showing that a single ad-J allele was present has not been obtained. 


DISCUSSION 
Mitotic crossing-over and chromosome mapping 


Ustilago maydis has certain features which make genetic analysis outside the 
sexual cycle simple and profitable. Heterozygous diploids are readily obtained. 
The natural frequency of mitotic crossing-over can be greatly enhanced by artificial 
means, so that with the technique of replica plating large samples of segregants 
can be obtained, even without the selective techniques which must be used in 
Aspergillus. Reciprocal products of mitotic crossing-over can be detected. The 
haploid chromosome number of two simplifies the marking of each chromosome 
and the determination of the positions of new markers. The ploidy of segregants 


can be determined where necessary by pathogenicity tests. 
Q 
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For some purposes mitotic analysis can have considerable advantages over 
meiotic analysis. In earlier investigations numerous crosses were made between 
various markers, but linkage was detected relatively rarely (Holliday, 1961). It 
seems probable that meiotic crossing-over is very frequent. Mitotic crossing-over, 
on the other hand, occurs only in a small proportion of cells and most of the 
exchanges are single. The effect of this is greatly to increase the linkage between 
markers within chromosome arms. The linkage of such markers which assort at 
random during meiosis can be easily detected by mitotic analysis. The value of 
analysis of mitotic crossing-over in comparison with meiotic would tend to decrease 
with increasing chromosome number. 

Although the types of segregant obtained from the diploids showed that the 
five markers were distributed on three chromosome arms, and indicated the posi- 
tion of the centromere in relation to the three linked markers, an examination of 
the relative frequencies of the various types does not appear to provide much 
useful information concerning the distance of the markers from their respective 
centromeres. There is considerable heterogeneity in quantitative results from the 
two diploids and also between the different treatments. It seems possible, for 
instance, that caffeine tends to induce crossing-over near the centromeres. This 
would explain the shortage of nic-3 and leu-1 segregants from Diploid I and of 
ad-1 segregants from Diploid II after caffeine treatment (Tables 1 and 2). In the 
construction of accurate chromosome maps the methods which have been used 
would appear to be most valuable as a guide to crosses which could be most 
profitably examined by tetrad analysis. 


The effect of ultra-violet light on crossing-over 


Fratello et al. (1960) have pointed out that induced segregations from a hetero- 
zygous diploid which result in the phenotypic expression of recessive alleles in 
single chromosome arms could be due to terminal deletions rather than mitotic 
crossing-over. In Ustilago the evidence shows that segregation induced by ultra- 
violet light is not the result of chromosome breakage. The mosaic colonies which 
were detected after irradiation always consisted of the segregants which would 
be expected following the survival of the reciprocal products of crossing-over. The 
several me-1 segregants which were obtained could have arisen either as a result 
of interstitial deletions, or'from double crossing-over within an arm. Two terminal 
deletions in a single cell are more likely to be produced, and to be detected, than a 
single interstitial deletion; yet simultaneous segregation of loci in separate arms 
was only recorded once. On the other hand it is possible to account for the occur- 
rence of double cross-overs within arms (see below). There is as yet no similar 
evidence to show whether the segregants which arose spontaneously or after 
caffeine treatment were produced as a result of terminal deletions or mitotic 
crossing-over. 

In mitotic crossing-over two processes must be imagined: pairing of homologous 
chromosomes or parts of chromosomes, followed by crossing-over. Since low doses 
of ultra-violet induce crossing-over (see also Roman & Jacob, 1958) it seems 
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probable that only one of these processes is affected. There are therefore two 
possibilities: either ultra-violet induces pairing and crossing-over follows spon- 
taneously, or somatic pairing is already present in a high proportion of cells and 
crossing-over is produced by the effect of ultra-violet. The stimulation of recom- 
bination by ultra-violet in bacteriophage (Jacob & Wollman, 1955), Escherichia 
coli (Jacob & Wollman, 1957) and yeast (Roman & Jacob, 1958) has been explained 
by supposing that the irradiation produces lesions in the genetic material (DNA), 
and that crossing-over occurs by the switch synthesis or copy choice mechanism, 
first postulated by Lederberg (1955). During duplication of the DNA a switch of 
synthesis from one chromosome to the other occurs when a lesion is reached. 
Therefore the greater the number of lesions produced the greater the amount of 
crossing-over. This model, at least in its simplest form, would not account, 
however, for the production of reciprocal cross-overs such have been observed 
after low doses of ultra-violet in Ustilago. It is also in disagreement with the 
results obtained by Levine & Ebersold (1958) with Chlamydomonas. They found 
that crossing-over was not increased at meiosis in zygotes formed from ultra-violet 
irradiated gametes. 

If ultra-violet light induces crossing-over in chromosomes which are already 
paired, double exchanges should be distributed at random. This was not so. A 
number of double exchanges were observed within the only chromosome arm in 
which they were detectable, whereas only one segregant was obtained which could 
have been derived from exchanges in two different arms, although such 
segregants should have been detected much more readily than the former. If 
the effect of ultra-violet is to initiate pairing, this could spread from the point of 
contact and allow occasional double cross-overs in fairly localized regions to occur. 
Another point which may well be relevant is that whereas ionizing radiation has a 
relatively slight, if any, effect on crossing-over at meiosis in Drosophila females, 
when pairing is complete, it does induce some crossing-over in males and during 
non-meiotic divisions (Whittinghill, 1951). The effect of such radiation on mitotic 
crossing-over in Ustilago appears to be similar to that of ultra-violet light (unpub- 
lished data). The results with Chlamydomonas (Levine & Ebersold, 1958) are also 
consistent with the observations on Drosophila. The evidence therefore indicates 
that ultra-violet light initiates pairing of homologous regions of chromosomes and 
that the proportion of cells in which this occurs, and possibly the length of the 
paired region, increases with increasing dose. 

It has frequently been observed that ultra-violet irradiation results in a lag in 
cell division in micro-organisms. Kelner (1953) and Kanazir & Errera (1956) 
demonstrated in £. coli that ultra-violet inhibited synthesis of DNA with little 
effect on that of RNA and proteins. In the same organism Witkin (1958) has shown 
that the length of the lag is proportional to the dose of ultra-violet irradiation, 
and that the addition of low concentrations of caffeine to the medium on which 
irradiated cells were plated increased the lag. According to Darlington (1932) the 
difference between mitotic and meiotic division lies in the timing of cell division 
and chromosome division. In meiosis the initiation of cell division is precocious 
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in comparison with that of mitosis, with the result that the chromosomes pair 
before they have divided in order to restore an equilibrium like that found at 
mitosis. If ultra-violet light (and perhaps also caffeine) inhibits DNA synthesis, 
but not the other processes of cell division, the same effect would be produced. 
The longer the lag in the division of the chromosomes the greater would be the 
chance of chromosome pairing. 

The situation is more complicated if the mutagenic effect of ultra-violet light 
is considered. Diploid cells in fungi are several times more resistant to the lethal 
effects of ultra-violet light than haploid ones (see review by Pomper & Atwood, 
1955). This can be most simply attributed to the fact that recessive lethals do not 
kill diploid cells. A diploid cell surviving a high dose of radiation might be ex- 
pected to carry several recessive mutations scattered at random throughout the 
genome. If mitotic crossing-over occurred during the division of paired chromo- 
somes by a copy choice or similar mechanism, then any segregant produced would 
also become homozygous for recessive lethals distal to the point of exchange, and 
would not survive. Therefore with high doses of radiation there should be auto- 
matic selection for cells in which crossing-over leading to homozygosity has not 
occurred. The proportion of segregants amongst the survivors should fall at high 
doses. This is not observed. Moreover, a cross-over near the centromere will be 
more likely to result in homozygosity for a lethal, than one nearer the end of the 
chromosome. In fact, the ratio of cross-overs between the centromere and me-I to 
those between me-1 and ad-1 (Table 2) or between me-I and leu-1 (Table 1) does 
not increase with increasing dose. 

These results can be explained in two ways. Either the killing of the sporidia 
with ultra-violet light is not primarily due to genetic damage, and the number of 
recessive lethals in a surviving diploid is small. Or crossing-over takes place by 
breakage and reunion of chromatids, and occurs only in those cells which are 
irradiated after the DNA has been duplicated. If so, recessive lethals will remain 
in a heterozygous condition. This last possibility is not of course in agreement with 
the hypothesis that ultra-violet light induces pairing before duplication of the 
DNA. It can, however, be tested experimentally. If the segregants obtained after 
a high dose of radiation are heterozygous for recessive lethals, they should segre- 
gate abnormally after a second dose of radiation. Any lethal in coupling with 
and distal to a marker will prevent that marker appearing among the segregants, 
unless double crossing-over occurs. Three survivors of a high dose of ultra-violet 
light were examined in this way (Table 3) and none of them appeared to carry 
lethals which prevented any of the three recessive markers from segregating. An 
examination of a larger sample of survivors should provide evidence as to which 
of the theoretical possibilities which have been considered is the correct one. 


The mating system of Ustilago maydis 
Rowell (19556) found that after irradiation of a diploid solopathogenic strain of 
U. Maydis with alpha-particles, strains could be recovered which were no longer 
solopathogenic. These were of six types: two with parental and two with recom- 
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binant combinations of the a and 6 loci, and two which were heterozygous a but 
homozygous for one or other of the 6 alleles. He did not detect any strains which 
were homozygous a and heterozygous 6. From his data it can be concluded that 
a and b are on different chromosomes, since during the process of haploidization 
chromosomes assort at random; and that common b strains arose as a result of 
mitotic crossing-over. The absence of common @ segregants could have been due 
either to the close linkage of this locus to the centromere, or because such strains 
retain their solopathogenicity. It is now evident that the latter explanation is 
the correct one. Pan-1 is closely linked to the a locus but not to the centromere. 
Diploids homozygous for pan-1 and a, are solopathogenic. They are unable to 
fuse with a, haploids, even though the resulting heterokaryon would be proto- 
trophic, and therefore might be expected to have a strong selective advantage in 
comparison with the weakly pathogenic auxotrophic diploid. This fusion must be 
prevented by the presence of the two different 6 alleles in the diploid nucleus, 
rather than the existence of a 6 allele in the haploid in common with one of those 
in the diploid; since a third 6 allele in the haploid still does not result in the forma- 
tion of a heterokaryon. When only one 0 allele is present in the diploid, fusion 
with a haploid with a second allele readily takes place. 

These results underline the functional distinction between the two loci. Whereas 
the a locus is responsible for the fusion of compatible haploid sporidia, it has no 
effect on the pathogenicity of the fungus, which is under the control of the 6 locus. 
This perhaps makes it possible to understand more easily the peculiar mating 
system in U. maydis. The multiple alleles controlling pathogenicity could have 
evolved quite separately from the two allele mating system which is common to 
most of the smut fungi (see Whitehouse, 1951). 

A further point of interest concerns the difference in the behaviour of the dikaryon 
and the diploid. Whereas the dikaryon has complete pathogenicity and is non- 
saprophytic, the diploid with the same complement of genes is vigorously sapro- 
phytic and has reduced pathogenicity. This is an example of the novel type of 
position effect discussed by Pontecorvo (1952) and detected by him on one occasion 
in Aspergillus. 


Aneuploidy 


In a recent paper Kafer (1960) discusses the formation of unstable strains in 
Aspergillus following spontaneous or induced non-disjunction of chromosomes in 
diploids. She has detected trisomics and predicts that monosomics should also 
occur, although none were found in her material. Such monosomics would be 
expected either to break down further to haploids, or revert following non-dis- 
junction to diploids homozygous for a whole chromosome (see also Pontecorvo 
& Kafer, 1958). In the single case analysed in U. maydis, a monosomic appeared 
to revert only to the diploid condition. Other examples of slow-growing unstable 
strains induced by ultra-violet light may well have escaped notice, since very 
small colonies could not on the whole be scored by replica plating and were ignored. 
In his experiments with alpha radiation Rowell (19556) obtained a number of very 
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slow-growing colonies, which reverted to colonies with normal growth of different 
mating types. He claims that up to six strains with different mating behaviour 
could be obtained from a single colony, but he does not state what mating types 
were obtained in this way. It seems very probable that some of these unstable 
strains were trisomics which could segregate to form two diploids, one of which 
would be solopathogenic, and four different haploids. Other strains may well have 
been monosomic. As suggested by Kafer (1960), the unstable segregants produced 
by nitrogen mustard in diploids of Penicillium chrysogenum by Morpurgo & 
Sermonti (1959) almost certainly provide yet another example of chromosomal 
unbalance leading to the loss or gain of particular chromosomes, and the formation 
of more vigorous balanced strains. These authors, however, believed that their 
unstable strains were diploids which underwent mitotic crossing-over at a high 
rate in particular regions of the genome. 

Since n = 2 in Ustilago it should be relatively easy to follow the behaviour of 
chromosomes in unstable strains and also use this behaviour to assign markers to 
particular chromosomes. With an adequate number of markers it should be 
possible to obtain genetic confirmation of the chromosome number. 


SUMMARY 


1. Two different methods of selection were used to obtain stable prototrophic 
solopathogenic strains of Ustilago maydis from haploids with different biochemical 
requirements. The strains were shown to be heterozygous diploids. 

2. Two diploids which were examined in detail had four markers in common, 
but they were in different coupling and repulsion phases. Rare spontaneous 
segregation was detected in one of the diploids, but a high frequency of segregation 
was obtained in both after treatment with ultra-violet light. The proportion of 
segregants amongst the survivors increased with the dose. These auxotrophic 
segregants were detected by means of the replica plating technique. 

3. The types of segregant which were obtained from both diploids were con- 
sistent with the view that they arose as a result of mitotic crossing-over. After low 
doses of radiation the reciprocal products of crossing-over were often detected. 
There was no evidence from the phenotypes of the segregants that haploidization 
was occurring. The diploidy ofa sample of the segregants was confirmed by mating- 
type tests, and by the fact that they showed further segregation after another dose 
of radiation. 

4. A slow-growing unstable segregant recovered after a high dose of radiation 
proved to be a monosomic strain which consistently reverted to a stable diploid 
homozygous for one chromosome. It was possible to use this auxotrophic diploid 
together with a haploid with different biochemical requirements, to synthesize a 
prototrophic triploid strain. The triploid was much less stable than the diploid 
strains. 

5. By means of pathogenicity tests with certain segregants it was possible to 
distinguish the function of the two loci which control the mating system. The a 
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locus is responsible for the fusion of haploid sporidia and has no effect on the patho- 
genicity of the heterokaryon which is under the control of the b locus. 

6. The effects of ultra-violet light on mitotic crossing-over do not seem to be 
easily compatible with a copy choice or similar mechanism of recombination. 
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On the distribution of recessive embryonic lethals 
in a natural population of Coelopa frigida (Fab.) 
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INTRODUCTION 


There is now an extensive literature on the frequency of recessive lethals in 
natural populations but it is confined almost exclusively to a few species of 
Drosophila. Dubinin (1946) and Spencer (1947) have reviewed the earlier work, 
whilst more recent studies have been made by Pavan et al. (1951), Dobzhansky 
et al. (1955), Goldschmidt et al. (1955) and Paik (1960). Comparative studies show 
that the gross frequency of lethals tends to vary not only between species, but 
between different populations of the same species in different geographical areas. 
These differences have been interpreted as the reflection of differences in the size 
and breeding structure of populations in different habitats. 

In view of the comparative lack of information on the frequency of lethals in 
natural populations other than of Drosophila it seems desirable to examine the 
situation in a different genus. The work to be described concerns such an inves- 
tigation on a natural population of the littoral acalypterate fly Coelopa frigida 
(Fab.), which is widely distributed along the coasts of Northern Europe, forming 
well-defined populations breeding in beds of rotting seaweed cast up at high-water 
mark. 

Drosophila workers generally infer the presence of a lethal in their material from 
the behaviour of balanced lethal marker stocks, and are able to map the position 
of a lethal factor without necessarily obtaining any information about its morpho- 
logical effect. Consequently, the frequency in natural populations of Drosophila 
species of lethals acting at particular stages in the life-history has not received 
much attention. The females of many Drosophila species scatter their eggs at 
intervals so that the progeny of a female are not all at the same stage of develop- 
ment at any one time, but in the case of Coelopa frigida the eggs are layed in a 
clutch from which the larvae hatch together and are comparable at any point in 
time. This makes it easier to locate the effect of a lethal in the egg, larval or pupal 
stages. Advantage has been taken of this feature of C. frigida to collect lethals 
which exert their effect during a well-defined period of the life-history, in this case 
during embryonic development. 

The colony on which the work was carried out consists of a small semi-isolated 
population in which all stages of the life-history occur together, confined within 
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the area of a single wrackbed occupying an area rather less than 30 square metres. 
In contrast to previous investigations, samples taken from the population did not 
consist of mobile adult insects caught in traps but of larvae taken directly from 
their feeding sites in situ within the wrackbed. During two exploratory investiga- 
tions it became clear that interpretation of the genetic content of such samples 
necessitated detailed information concerning the spatial distribution of the larvae 
to make possible an unbiased estimate of lethal gene frequencies. A brief account 
of features of the ecological structure of the population relevant to the estimation 
of gene frequencies is given at the beginning of the paper, and in the last section 
an attempt is made to integrate the genetics and ecology in order to draw some 
conclusions regarding the breeding structure of the population. 


MATERIALS AND METHODS 


A description of the morphology and taxonomy of Coelopa frigida (Fab.) and 
Coelopa pilipes (Hal.) is given by Burnet (1960). Descriptions of the larval stages 
are given by Egglishaw (1960) and Burnet (1960), and a detailed account of labora- 
tory culture methods for C. frigida is given by Burnet & Thompson (1960). 

The material was obtained from a small wrackbed at the foot of cliffs on the 
north side of the causeway connecting Currie’s Point to St Mary’s Island, North- 
umberland. Samples were taken from this colony for analysis annually from 1957 
to 1959, and the adult flies hatched out in the laboratory. In the first analysis in 
1957 small groups of about a dozen larvae each were collected at random on three 
separate days in October. In the second analysis in 1958 small groups of larvae 
were collected on one day in April. In the third analysis in 1959 the bed was 
divided into equal areas and single larvae collected at random from each so that 


the bed was sampled uniformly; this process was repeated on three separate days 
in March-April. 
Cultivation 


Single pair cultures are made up in half-pint milk bottles with a pad of cellulose 
wadding moistened with sea-water (3 g. wadding, 30 c.c. sea-water), and a piece of 
split Laminaria stipe about 5 cm. long. Each bottle is inspected for eggs after 
12 hours. Females lay their eggs as a clutch with a mean of 76 eggs which overlap 
each other in rows and hatch within a few minutes of each other. Up to four 
clutches may be laid by a single female at intervals of one or two days. Both 
parents are removed from the culture bottle when the first clutch is laid and the 
quantity of Laminaria stipe made up to approximately 60 g. The life cycle takes 
12 days at 25°C. Adult flies can be kept in fertile condition for several weeks on 
3°% solution of mannitol in a cold chamber at +5°C. Details of ecological and 
genetical methods are given in the appropriate sections. 


ECOLOGICAL STRUCTURE OF THE POPULATION 
Ecological Methods 


An accurate estimate of the absolute numbers of individuals in the St Mary’s 
colony is difficult to make. In the approach to this problem use was made of the 
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fact that the bed is normally destroyed by the monthly spring tides which reduce 
all but the adult population to zero. The census of adults was carried out at this 
minimum point. Flies released into the population were marked by means of 
Rotor Brilliant Red R, kindly supplied by the dyestuffs division of Imperial 
Chemical Industries. This marking powder gives an acetone spot with trace 
quantities which accumulate round the joints and genae. The method is described 
in detail by Macleod & Donnelly (1957). 

The distribution and relative density of the larval population was studied by 
means of cores taken from the bed using a brass cylinder with a cutting edge fitted 
with handles and a plunger. A movable collar was fixed at 10 cm. from the cutting 
edge and cores measuring 5 cm. in diameter and 10 cm. in length taken from the 
bed. The free end of the core was cut away with scissors. The procedure for taking 
cores was to divide up the bed surface into half-metre quadrats and to take one 
core from each quadrat. Before each core was taken the dry surface layer was 
brushed aside to expose the compact humid layers beneath. The larvae, which are 
photophobic, are rarely found in this light surface layer. The cores in individual 
polythene bags were put into deep freeze at —5°C. to ensure that no larvae were 
able to pupate before being sorted. The larvae were separated from the wrack 
by washing and preserved in 50° alcohol for identification. 


The habitat and wrack fauna 


A description of the ecology of wrackbeds has been given by Backlund (1945), 
who worked on the coasts of Sweden and Finland, and Egglishaw (1960) has given 
a detailed account of the Coelopidae. The St Mary’s colony consists of a typical 
wrackbed overlying boulders at the foot of low cliffs. The bed is normally des- 
troyed and washed away by the monthly high-water spring tides but may occa- 
sionally remain intact for two months, depending on the stage of the weather. 
The bed consists mainly of the frond and stipe of Laminaria and Fucus, though 
other Phaeophyceae and Rhodophyceae may be included along with other marine 
rejectamenta. Pockets of heat rapidly develop within the bed, spreading as it 
settles down, and the temperature of the bed below a thin surface layer rises to 
20-30°C. except where the wrack is loosely packed, dry, or mixed with sand. 

The insect fauna consists mainly of adult Staphylinidae and Diptera and their 
larvae. Thoracochaeta zosterae (Sphaeroceridae) often occurs in large numbers, 
whilst Fucellia maritima (Muscidae) is present in small numbers during the summer. 
Of the five species of the family Coelopidae known to occur in Britain, only three 
occur at St Mary’s. Orygma luctuosa breeds in the bed in spring and autumn, but 
the two principal inhabitants of the bed are Coelopa frigida and C. pilipes, which 
alternate in relative abundance according to the time of year. C. frigida is most 
abundant from September to February, but C. pilipes predominates during the 
summer months (Egglishaw, 1960). The change in relative abundance of the two 
species may be due to seasonal changes in the chemical composition of the 
Phaeophyceae described by Black (1948). 








252 B. BuRNET 


The size of the adult population 

When a wrackbed is destroyed by the spring tides juvenile stages which have 
not completed development are washed away. The next bed formed from freshly 
deposited wrack is recolonized by a foundation population of adult flies from the 
old bed. The life-cycle, which lasts about 12 days at 25°C., allows development of 
the first generation which produces a second generation of flies which hatch before 
commencement of the next spring tide at the end of the 28-day cycle. A proportion 
of these adults forms the foundation population for the next population cycle. 
Because the females lay clutches over a period of days there is some overlap of the 
first and second generation and many second-generation juvenile progeny of late- 
hatching first-generation flies are unable to complete development before the 
wrackbed is destroyed. Thus the total number of individuals in the colony 
oscillates every alternate generation, and this oscillation is superimposed over the 
seasonal fluctuation in numbers. An estimate based on the mark-release-recapture 
method of the number of adult flies forming the foundation population in the new 
wrackbed for two successive cycles is shown in Table 1. The census for March 1959 
shows the size of the population on which the genetic analysis for 1959 was con- 
ducted. 


Table 1. Estimates based on the mark-release-recapture method of the number of adult 
flies forming the foundation population in the St Mary’s colony at the beginning of 
two successive population cycles at the end of the monthly spring tides 





Recaptures 
Release eo ——, Population 
marked Marked Unmarked size 
February 1959 2 125 + 54 1813 
3 125 3 25 1166 
March 1959 2 107 8 44 696 
3 105 5 27 672 


The spatial dispersion of the larval population 

For a species distributed at random within the habitat the number of individuals 
per random core or quadrat will be distributed according to the Poisson series with 
mean (x) equal to the variance (s*). The index of dispersion (s*/x) exceeds unity 
when the individuals tend to be aggregated or clumped in groups, and is less than 
unity when they are evenly distributed. An observed value for the index differs 
significantly from unity if the difference exceeds 2,/(2n/(n—1)?), where m is the 
number of cores examined. Table 2 shows the mean and standard deviation of the 
number of third instar larvae per core for C. frigida. The index of dispersion is 
many times greater than unity, indicating that the larvae are not randomly 
distributed but show evidence of aggregation or clumping. 

Under these circumstances special methods are required for analysing the data. 
Evans (1953) has investigated the applicability of theoretical contagious distri- 
butions to data on plant and insect populations and has found that, in general, 
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Table 2. Index of dispersion (s?/x) of third-instar larvae of C. frigida. 
Further explanation in teat 


Date 2 8 n 8/x 2 4/(2n/(n—1)) 
Oct. 1958 yy ar 83-2 90 91-2 0-30 
Mar. 1959 1-92 13-1 80 89-5 0-32 
Mar. 1959 8-75 19-4 75 43-2 0-33 
Apr. 1959 28-3 37-4 65 49-7 0-36 
Apr. 1959 7-31 18-4 58 46-2 0-38 
June 1959 3:76 9-96 55 21-4 0-39 
Nov. 1959 129 109 56 93-3 0-39 


data from insect populations are best fitted by the negative binomial distribution. 

The proportionality between the mean and standard deviation in Table 2 is similar 

to that shown by Quenouille (1950) to require a transformation appropriate to the 
negative binomial distribution. Quenouille (1950) gives the transformation: 

] 

ae B 

where f is the gradient of the standard deviation on the mean and z is the number 


of larvae per core. The addition of 3 has been shown by Anscombe (1948) to 
achieve greater variance stability. 


sinh ~18V (x + 3) (1) 


Factors affecting the spatial dispersion of the larvae 


There are several factors which may influence the spatial dispersion of larvae. 
The most obvious possibilities are temperature, humidity, oxygen tension, or a 
tendency to form feeding aggregates. The first two are related in that only humid 
wrack heats up in the familiar manner. The warm layers of the bed are covered in 
a colloidal slime in which the larvae feed, often, except for the posterior spiracles, 
completely submerged in a semi-liquid stipe of the decomposing Laminaria. They 
are able to withstand wide variations in the osmotic pressure of the medium 
(Sutcliffe, 1960). 

Temperature 

During the larval census of June and November 1959 the temperature of the 
bed was taken at each position from which a core was taken. It is worth while to 
compare the relationship between density and temperature for third instar larvae 
of Coelopa frigida with that of C. pilipes, since these make an interesting study of 
two closely related species both occupying the same habitat. Fig. 1 shows the 
relationship between the mean number of larvae per core for each 1°C. interval 
for C. frigida and C. pilipes in June. The values on the ordinate correspond to the 
transformed scale of equation (1). Due to the low seasonal abundance of C. frigida 
at this time of year no larvae of this species were recorded at all in some tempera- 
ture zones giving rise to a scatter of points. For C. pilipes the distribution consists 
of two parts. There is a rapid rise in density up to 21°C. followed by a plateau. 
In the November census shown in Fig. 2 the behaviour of the two species is 
reversed. There is a steady rise in density of C. pilipes over the whole temperature 
range, whereas with C. frigida, which at this time of year is the more abundant of 
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Fig. 1. Relation between mean larval density and temperature in the wrackbed 
in June. C. frigida solid circles, C. pilipes half solid circles. 
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Fig. 2. Relation between mean larval density and temperature in the wrackbed 
in November. C. frigida solid circles, C. pilipes half solid circles. 
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the two, there is a rapid rise in density followed by a plateau after 20°C. Compari- 
son of Figs. 1 and 2 shows that for both species there is a positive correlation 
between larval density and temperature but that there is an upper limit to the 
density reached at about 20°C. by whichever species is seasonally abundant. 

The increase of larval density with temperature can be visualized in two ways: 
either by larvae moving into high-temperature zones, or by adult flies exercising 
a preference for oviposition sites in zones of high temperature. The latter possi- 
bility was investigated in the following way. The apparatus consisted of two glass 
containers maintained at 15°C. and at 25°C. respectively, joined by a short poly- 
thene connecting cylinder. Oviposition sites of Laminaria frond were provided 
in each container. Twenty pairs of flies were introduced into the connecting 
cylinder and the number of clutches of eggs in each container scored after 48 hours 
under constant illumination. The results for three replicate experiments in Table 3 


show that the flies exercised a marked preference for oviposition sites in the 25°C. 
container. 


Table 3. Number of clutches of eggs laid in three replicate experiments by twenty 
pairs of flies with a choice of oviposition sites at 15°C. and 25°C. in mass culture 


Clutches laid 


A 





" ieeiased — WC, 
15°C. 25°C. 
¢ 23 
0 17 
2 18 


Family aggregates 

The mean larval density per core is positively correlated with temperature, but 
in the lower temperature intervals the mean tends to be derived from cores con- 
taining several larvae or none. This effect is not shown in the higher temperature 
range. A feature of these isolated cores is that the larvae within any particular 
core show a marked similarity in size. Since the females of C. frigida lay their eggs 
in clutches and the larvae hatch simultaneously this suggests that the larvae in 
these cores belong to the same family. 

A convenient feature of the transformation expressed in equation (1) is that for 
a species distributed at random, the residual mean square has a value of 0-25. 
Individuals tend to be aggregated when the residual mean square is greater than 
(-25 and to be evenly distributed when it is less than this value. Quenouille (1950) 
made use of this property to demonstrate the random distribution of ticks on 
sheep. Tables 4 and 5 show an analysis of variance of the transformed data from 
the larval census of June and November 1959. The mean square between tempera- 
tures has been removed from the total to give the residual mean square between 
cores which may be compared with the expected theoretical variance of 0-25 for 
random distribution, by means of an F test. 

In Table 4 the results are shown for C. frigida in the June census. Over the 
range 15-30°C. the residual mean square is 0-4076, nearly twice the expected value 
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for random distribution of the larvae, suggesting that there are local aggregations 
of larvae. Fig. 2 showed that in the November census the relationship between 
mean larval density and temperature fell into two parts and these have been 
treated separately. In the range 10—20°C. the residual mean square is 0-5470, or 
more than twice the expected value for randomness. In the series 21—30°C., 
however, the residual mean square is 0-0927, very much lower than the expected 
value, suggesting that the larvae are more evenly distributed in this temperature 
range. 


Table 4. Analysis of the spatial dispersion of third-instar larvae of 
Coelopa frigida 


June, 15—30°C. November, 10—-20°C. November, 21—30°C. 
Degrees Degrees Degrees 

Source of of Mean of Mean of Mean 

variance freedom square fF freedom square fF freedom square F 
Total 54 0-440 27 1-266 27 0-102 
Between temps. 13 0-544 1°33 7 3-320 6-07* 7 0-129 1-40 
Cores within temps. 4] 0-408 1-:63* 20 0-547 2-19* 20 0-092 2-71* 
Theoretical variance 0-25 0-25 0-25 





* Significant at the 1% level. 


Table 5 shows the results for C. pilipes. In the June census the residual mean 
square for the range 15—21°C. is 1-1046, over four times larger than the expectation 
for randomness. In the range 22—23°C., in contrast to the results obtained with 
C. frigida, the residual mean square does not differ significantly from the expected 
value for randomness. Similarly, the results for November are not significantly 
higher than the expected value. 


Table 5. Analysis of the spatial dispersion of third-instar larvae of 
Coelopa pilipes 


June, 15—-21°C. June, 22-30°C. November, 12—30°C. 


Degrees Degrees Degrees 


Source of of Mean of Mean of Mean 


variance freedom square fF freedom square fF freedom square fF 


Total 32 1-887 20 0-257 55 0-865 
Between temps. 6 5-275 4-77* 6 0-063 0-19 15 2-335 7:-45* 
Cores within temps. 26 1105 442* 14 0-339 = «1-32 40 0-313 = =1-25 
Theoretical variance 0-25 0-25 0-25 


* Significant at the 1% level. 


Statistical analysis shows that for C. frigida there is a real tendency for the 
formation of aggregations of larvae, which may be regarded as family aggregates 
with a limited radius of dispersal from the original oviposition site. Because of the 
preference of adult flies for oviposition sites in zones of high temperature within 
the bed, the increase in larval density with temperature can be visualized as due to 
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a decrease in the average distance between neighbouring aggregates due to increase 
in number of clutches per unit area. The even distribution of the larvae in the 
high-temperature range is due to the larvae approaching a saturation density or 
upper limit to the number of larvae which can be accommodated in unit volume 
of food material, similar to the effect demonstrated under laboratory conditions 
by Burnet & Thompson (1960). An important consideration lies in the effect 
temperature has on general activity, which may cause the radii of dispersal to be 
longer at the higher temperatures, so assisting any tendency of the aggregates to 
coalesce and produce an apparent uniformity in the distribution. 


GENETIC STRUCTURE OF THE POPULATION 


Isolation of lethals 


Embryonic lethals are isolated by the F, sib-mating method. This consists of 
brother-sister mating of the progeny of a pair of wild flies. One-quarter of these 
sib-matings is expected to consist of parents both heterozygous for a lethal carried 
by one of the original wild pair, which will reveal its presence in the F, by the 
proportion of hatching to non-hatching eggs in their first clutch. Since the average 
number of eggs per clutch is 76, the probability of misclassifying a clutch is very 
small. A more important source of error lies in the actual number of sib-matings 
examined. If » sib-pairs are scored, the probability of missing a lethal is (3/4)", 
so that 1—(3/4)" is the proportion of lethals in the original wild pairs that we 
expect to isolate. The analyses of 1957 and 1958 were exploratory and clutches 
from only four and six sib-pairs were examined on the average, but in the 1959 
analysis, in which greater accuracy was required, clutches from eight pairs were 
usually examined, testing 90°, of the variability in each original pair of wild flies. 
The number of lethals isolated in each of the three years is shown in Table 6. 


Table 6. Gross frequency of embryonic lethals in three analyses 
of the St Mary’s colony 


Average number 


Gametes Gross of sib-matings 
tested Lethals frequency examined 
1957 192 19 0-0989 4 
1958 104 6 0-0577 6 
1959 232 19 0-0819 8 


For convenience three morphological types of lethal embryo are distinguished, 
based on the classification of Hadorn (1951). These are: E stage in which there is 
the central yolk mass still visible; secondly E/L stage in which the lethal embryo 
is segmented and has a recognizable cephalopharyngeal apparatus. Within the 
E/L group two types are recognized: E/L.N in which the embryo shows no ap- 
parent morphological abnormality; and E/L.ABN in which morphological abnor- 


malities are clearly recognizable in whole-mount preparations. These broad 
R 
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morphological types are easily distinguished by dechorionating unhatched eggs in 
5% solution of sodium hypochlorite. 


Tests for allelism between lethals 

Two techniques for testing allelism between lethals were investigated. 

Method I. Two cultures each from a pair of flies giving a lethal segregation in 
the first clutch were taken from each of two lines to be tested and the larvae raised 
to maturity. As the adults hatched, the sexes were separated from each culture 
and reciprocal pair matings made between the two lines. Females normally hatch 
before males and will not copulate until 6-12 hours after eclosion so that virgin 
females can be separated without difficulty. The first clutch from each pair was 
inspected for a lethal segregation. If the two lines contain allelic lethals, } of 
the pairs examined will give a 3:1 segregation in the first clutch. 

This method proved to be cumbersome in practice, and was used only for 
cross tests of the lethals isolated in 1957. 

Method II. Test crosses using wild-type flies and flies homozygous for three 
unlinked visible factors, white eye, sherry eye and cut wing, have shown that the 
last impregnation of the female is the effective one. However, C. frigida females 
in single pair cultures may require reimpregnation after the first clutch of eggs is 
laid, since the second and third clutches from females isolated after the first 
impregnation often contain unfertilized eggs only. This information provides a 
method of testing for allelism between lethals. Pairs of heterozygotes for a given 
lethal can be identified by examining the first clutch of eggs. The males and females 
are separated and used to make reciprocal cross tests with similar pairs from 
another line. The second clutch is then examined for the presence or absence of a 
lethal segregation. This procedure enables one to examine for concordance in the 
morphological pattern of damage between homozygous lethal embryos from the 
cross of an individual lethal heterozygote within and between lines. A misleading 
result may be given by this method if a female, which has stored sperm from a 
previous impregnation, fails to copulate with the second male before the second 
clutch of eggs is laid. This would cause a spuriously positive result, but a check 
on this is given by making several such reciprocal pair tests. An advantage of 
handling the actual homozygous lethal embryos directly is that labour can be 
saved in making cross tests for allelism between lethals by cutting down crosses 
between lethals which are morphologically obviously dissimilar in effect. 


1957 


The results of cross-testing sixteen of the nineteen lethals isolated in the first 
analysis of the St Mary’s colony is shown in Fig. 3. Crosses were made within each 
morphological group. All the lethals within the morphological group E/L.N, 
namely 1, 4, 12, 13, 24, 30, 36, 40B, 42A, and 47A, were found to be allelic and 
named lethal E/L1. Crosses between the separate lines were complicated by marked 
deleterious effects of this lethal on the viability of the heterozygotes. Similarly, all 
the lethals of morphological type E/L.ABN, namely 34, 38, 40A, 42B and 47B, 
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were found to be allelic and named lethal E/L2. Crosses were not carried out in all 
combinations. Three lethals were lost before cross tests could be made (Nos. 2, 16 
and 20). 


E/L.ABN 
1 + 34 38 40A 42B 46 47B 








Fig. 3. Cross tests for allelism between lethals isolated from samples of third instar 
larvae taken in October, 1957. A (+) sign indicates allelic lethals, a (—) sign 
non-allelic lethals. Combinations not tested are left blank. 


1958 

Crosses in all combinations were made between the six lethals isolated in the 
second St Mary’s analysis as shown in Fig. 4. Three lethals—namely 4A, 7A and 22 
—were alleles and named E/L3, and the other three lethals, 4B, 7B and 13, were 
also allelic and named E/L4. 

In view of the morphological similarity of homozygotes for lethals E/L1 and 
E/L3 and of E/L2 and E/L4, cross tests were made to determine if these were at 
the same locus. Crosses were made in all combinations between these lethals and 
two others of independent origin. These were E1, a spontaneous laboratory lethal 
mutant, and E/L5, which was isolated in a small sample from a wrackbed colony 








260 B. BURNET 


at Boulmer, Northumberland. The results are shown in Fig. 4. None of these 
lethals was found to be allelic to any other. 


A 
44 7A 22 4B 7B 13 





Fig. 4. A, cross tests for allelism between lethals isolated from samples of third 
instar larvae taken in April, 1958. B, cross tests for allelism between the lethals 
isolated in 1957 and 1958 and two other lethals of independant origin. For an 
explanation of the signs refer to fig. 3. 


1959 

The results of crosses between seventeen of the nineteen lethals isolated in the 
third analysis of the St Mary’s colony are shown in Fig. 5. Crosses were carried 
out within two morphological groups. Lethals 1, 3B and 4 were found to be alleles 
and named E/L6. Lethals 3A, 37 and 39 were also alleles and named E/L7, and 
lethals 2 and 59 named E/L8. Three of the E-stage lethals, 6, 8 and 29, which were 
alleles were called E2. Two lethals were lost before cross tests could be made. 

None of the repeated lethals in this analysis was allelic to any of the lethals 
isolated in the two previous analyses. The individual embryonic lethals identified 
by this method were found to be recessive autosomal factors with no morphological 
effects in the heterozygote. 
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— Stage 
3B 4 3A 37 39 2 59 8A 16 24 28 50 


0 SSSSSRSSSSS6 





Fig. 5. Cross tests for allelism between lethals isolated from samples of third 
instar larvae taken in March-April, 1959 


Gene frequency estimates 


Cross tests for allelism between lethals showed that certain lethals were isolated 
more than once in samples of larvae from the St Mary’s colony, but the ecological 
analysis showed that the spatial dispersion of the larvae was patchy. These 
observations introduce the problem of error due to the method by which the 
population was sampled. In 1957 and 1958, groups of larvae were removed from 
the bed, whereas in 1959 larvae were taken singly. Table 7 shows that there is less 
repetition in 1959 than in the two previous sets of samples. Due to the tendency 
of members of a family to remain together, any two larvae sampled at the same 
position are likely to be consanguineous and will consequently increase the chances 
of sampling the same lethal more than once. This will bias any estimate of gene 
frequency which assumes the samples to have been drawn at random from the 
population. Calculations of gene frequency using the observed frequency of 
appearance of a lethal will give an overestimate due to error incurred in the sam- 
pling method, so that such an estimate of frequency must be taken as a maximum 
estimate. In order to eliminate the error due to sampling method we may discount 
repeats of a lethal within samples and count only repeats between samples, and so 
arrive at an unbiased estimate of the frequency of appearance of lethals within 
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the population as a whole. This has been done in Table 7, which shows the actual 
number of repeated lethals in the population after correction to be much lower 
than was apparent on first inspection of the data. 


Table 7. The frequency of appearance of lethals in samples 
of larvae from the St Mary’s colony 


Frequency of appearance 
A 








No. of i ' 
Before correction lethals 1 2 3 — ...10 
1957 19 3* 1 1 
1958 6 2 
1959 19 8* 1 3 
Frequency of appearance 
No. of - A = 
After correction lethals 1 2 3 
1957 7 4* 1 
1958 2 2 
1959 15 9* 3 


* Including lethals not tested for allelism. 


Gross frequency of embryonic lethals 

First let us examine the effect of correction on the estimates of gross frequency 
of embryonic lethals in the population. The gross frequencies before correction 
are shown in Table 6. The three estimates are closely similar for the three years 
(x3 = 1:52, P=0-5). Gross frequencies after correction shown in Table 8 agree 
rather less well (x3 = 3-98, P = 0-15) and are altogether lower than in the uncor- 
rected series. The samples for 1957 were taken in October when the species is at 
its peak of seasonal abundance, whereas the samples for the following two years 
were taken in March and April when numbers are seasonally low (cf. larval density 
in Table 2). The gross frequency of embryonic lethals does not appear, therefore, 


to show any significant change associated with seasonal differences in population 
density. 


Table 8. Gross frequency of embryonic lethals in the St Mary’s 
colony after correction for sampling method 


Corrected number Gross 

of lethals frequency 
1957 7 0-0365 
1958 2 0-0192 
1959 15 0-0646 


Frequency of individual embryonic lethals 
In Table 9 maximum and minimum estimates of gene frequency have been 
calculated for individual lethals isolated more than once from the population; 
these are based on their frequency of appearance in samples before and after 
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correction. The differences between the maximum and minimum estimates of gene 
frequency clearly illustrate the necessity for detailed information about the eco- 
logical structure of a population to assess the effectiveness of sampling methods 
employed for making estimates of gene frequencies. 


Table 9. The frequency of individual embryonic lethals 
in the St Mary’s colony 








Frequency of appearance Gene frequency 
uQuQDanuy= —_— A . — f — AW . 
Lethal Observed Corrected Maximum Minimum 
1957 B/L1 10 3 0-05208 0-01563 
E/L2 6 1 0-03125 a 
1958 E/L3 3 1 0-02885 _ 
E/L4 3 1 0-02885 ~- 
1959 E/L6 3 1 0-01293 — 
E/L7 3 2 0-01293 0-00862 
E/L8 2 2 0-00862 0-00862 
E2 3 2 0-01293 0-00862 


The range of gene frequency estimates in Table 9 now raises the question: at 
what frequency does one expect to find an individual recessive lethal in a natural 
population? This problem has been investigated by Wright (1937). Wright has 
shown that for a completely recessive lethal with no selective disadvantage in the 
heterozygote, the distribution of gene frequencies is given by: 


$(q) = e(1—g?)* gi?" (1—g)7? (2) 
: I'(2Nv +4) 
4 VQN).TQNe) o 


where q is the frequency of the lethal, N is the effective size of the population, and 
v the mutation rate to the lethal. From equation (3) we see that the mean fre- 
quency of a completely recessive lethal may be expressed in terms of the mutation 
rate and the population size. In order to estimate the expected frequency it is 
necessary to assign values to both of these terms. 

As mentioned above, the St Mary’s colony fluctuates in size, so it is necessary 
to decide what value of N to use. Where there is fluctuation in the size of a popu- 
lation, the effective number over a series of generations can be shown to be pro- 
portional to the harmonic mean of the series (Wright, 1939; Crow, 1954). In 
effect, what this means is that the effective size of the population is governed by 
its smallest phase of numbers. In the case of the St Mary’s population, which 
reaches a minimum every alternate generation, the effective size of the population 
must be very close to the number of adult flies forming the foundation population 
at the start of each cycle. The population size at this point is shown in Table 1, 
giving N = 1368 individuals for the population on which the genetic analysis for 
1959 was conducted. 
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No estimate of the mutation rate for individual embryonic recessive lethals has 
been made for C. frigida. However, estimates of the spontaneous mutation rate 
for an average lethal locus in three species of Drosophila made by different investi- 
gators turn out to be very similar, as shown in Table 10. Coelopa, like Drosophila, 


Table 10. Spontaneous mutation rate for an average 
lethal locus in three species of Drosophila 


Species Chromosome Average rate Source 
D. melanogaster second 2-6 x 10-5 Ives, 1945 
D. melanogaster second 3-1 x 10-5 Dubinin, 1946* 
D melanogaster second 1:07x 10-5 Wallace, 1950 
D. willistoni second 2-2 x 10-5 Dobzhansky, 1953 
D. pseudoobscura third 1-:08x 10-5 Wright, Dobzhansky & Hovanitz, 1942 


* Mean value calculated from the gross rate for the second chromosome (given by Berg, 
Dubinin & Olenov; listed in Dubinin) divided by the number of potentially lethal loci cal- 
culated by Ives (1945). 


is an acalypterate fly with a very similar life-history and we may assume that the 
mutation rate for an average lethal locus is of similar magnitude. Using equation 
(3) the mean lethal gene frequency in a population of 1368 individuals has been 
calculated in Table 11. In fact, in approximately 80° of colonies the lethal would 
not be present at all, and the remaining percentage of colonies are expected to 
show a range of frequencies, the mean (q) being that for all colonies including those 
in which the lethal is absent. The estimates in Table 11 are considerably lower 
than the observed minimum frequency estimates for the repeated lethals of 1959 
shown in Table 9. There are three possible reasons for this discrepancy which we 
may examine in turn. 


Table 11. The expected mean gene frequency for a recessive lethal in 
a population with N = 1368, for a range of values of mutation rate 


Mutation Gene 
rate, frequency, 
v q 
ix 10-* 0-00087 
1-5 x 10-5 0-00128 
2-0 x 10-5 0-00173 
2-5 x 10-5 0-00213 
3-0 x 10-5 0-00245 


In making the estimates of the expected mean gene frequency in Table 11 a 
range of values for v was chosen to correspond to the calculated rates for Droso- 
phila species. A possible explanation of the discrepancy between the observed and 
expected lethal gene frequencies is that in Coelopa frigida the average rate is 
higher than in these Drosophila species. In fact, with a rate of v = 1 x 10-4 the 
expected frequency is g = 0-00893, very close to the minimum frequency estimates 
of 1959. Again, let us look at the indirect evidence from other species. The average 
mutation rate based on twenty-one estimates for individual deleterious loci in 
man listed by Penrose (1956) works out at 2-6 x 10-5, remarkably close to the 
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values obtained for Drosophila. Values obtained by Stadler (1942) for eight 
individual loci in maize vary widely from 4-9 x 10-* to 1x 10-*, The values ob- 
tained for micro-organisms by several authors listed by Dobzhansky (1953) are 
much lower than this, mostly in the range 10~’ to 10-*. Thus the indirect evidence 
from other species suggests that an average rate in the region of 1 x 10~4 for lethal 
loci in Coelopa frigida would be unusually high. 

Where the adaptive value of the heterozygotes for a lethal is greater than that 
of the homozygous wild type a state of balanced polymorphism may be attained. 
If s, is the selection coefficient of homozygous wild type and s, that of homozygous 
lethal (necessarily unit), there is equilibrium at q = ,/(s,+8,) (Wright, 1937). 
The value of s, necessary to maintain lethals E/L7, E/L8, and E2 at equilibrium 
at the observed frequency would be 0- 00867, the same order as the gene frequency, 
but evidence for selection coefficients of this order of magnitude would be difficult 
to obtain experimentally. The alternative possibility, that of selection against the 
heterozygotes for lethals, must also be considered. If V is the gross rate of muta- 
tion to embryonic lethals in genomes free from lethals, and P the chance of allelism 
of two lethals, then the mean value of selection against all lethals, 8, is given by 
Dobzhansky and Wright (1941) as: 

r V—PQ(1+V) 
$= sary = (4) 
Q(1+2V —2PQ%(14+ V) 





Considering the lethals isolated in 1959, we have seven single lethals and three 
double lethals (Table 7), so that Q = 0-056 and P = 0-0385. Substituting in equa- 
tion (4), s = 0, only for the low value of V = 0-00012. Remembering that V repre- 
sents the gross rate of mutation per generation over all loci capable of producing 
embryonic lethals, the possibility of selection against heterozygotes for lethals in 
the St Mary’s colony cannot be ignored. 

Determination of the gene frequency of a recessive lethal in a natural population 
is a stochastic process, involving the mutation rate producing new lethals in the 
population and the rate of elimination of lethals by homozygosis. In addition, 
sampling errors from generation to generation will cause random variations in 
gene frequency away from the equilibrium set by these two opposing rates. Equa- 
tion (3) describes the resulting distribution of gene frequencies in populations of a 
given effective size, and Wright (1937, 1948) has shown that, in populations of 
the order of a thousand or so in size, random variations will be important in 
determining the gene frequency at any instant. With the limited number of 
gametes tested in each of the population samples the lethals isolated are necessarily 
those with frequencies in the upper tail of the distribution of gene frequencies. A 
plausible explanation of the high frequencies of the three lethals in 1959 is that 
they are due to random variance in a population of small genetically effective size. 


The effective size of the population 
If we assume that the effective size of the St Mary’s population was equivalent 
to the observed census size of 1368 individuals, shifts in frequency of recessive 
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lethals as great as observed must from time to time occur due to random variance 
effects. However, it has been shown by Crow (1954), that the effective size of a 
population will be identical to the census size only under certain conditions, when 
the natural population approximates to an ideal Mendelian population. According 
to Crow’s definition, in such a population there is: random mating, constant 
population size, equal numbers of both sexes, and a Poisson distribution of progeny 
number. In fact, few natural populations may be expected to conform to all these 
requirements. 

In the case of C. frigida the population size fluctuates due both to seasonal 
changes and to the effects of the sea on the population habitat. We have already 
taken account of this by basing the calculations on the number of individuals at 
the beginning of the population cycle. Numerical inequality of the sexes frequently 
occurs in the wild, as shown in Table 1 and by the data of Egglishaw (1960). The 
problem of non-Poisson variation in progeny number is a difficult one for direct 
analysis. Counts on 929 wild females gave a mean of 76 eggs per clutch for C. 
frigida and a variance of 962, showing that there is non-Poisson variation in clutch 
size. However, there are two difficulties in the way of assessing the potential 
reduction in size of the effective breeding unit from this cause. Firstly, although a 
female may lay three or four clutches, we do not know the mean and variance of 
the number of clutches per female in the natural population. Secondly, we do 
not know the exact system of progeny survival. The fact that the eggs are laid 
as clutches, combined with the evidence from studies on spatial dispersion of the 
larvae, suggests that there may be a considerable positive intra-brood survival 
correlation. It is possible to calculate the maximum size of the effective unit by 
introducing the simplifying assumption that the number of clutches per female in 
the wild is randomly distributed, so that the effective unit is influenced by non- 
Poisson variation in clutch size alone. Crow & Morton (1954) have described the 
procedure for estimating from counts at a juvenile stage the variance in progeny 
number at maturity. The effective breeding unit is given by: 


2N 
e= I+e (5) 


where N is the number of parents, and z and s? are the mean and variance of 
progeny number at maturity (Crow, 1954). Table 12 shows the proportional 
reduction of the effective breeding unit expressed as the ratio of the census and 
effective numbers in a population of constant size due to non-Poisson variation 
in clutch size. In the first case, with a system of random survival from egg to 
adult, the reduction of the effective unit is comparable to the results of Crow & 
Morton (1954) for Drosophila, Limnaea and Man. For a system of complete family 
unit survival, that is with a positive intra-brood survival correlation of unity, the 
effective number would be very small. However, for a complex survival pattern in 
which, say, half the eggs were lost as entire clutches, followed by random survival 
for the rest of development, the effective number would be about half the census 
number. 
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ance | Table 12. The discrepancy between the census and effective sizes of a population of 
of a C. frigida due to non-Poisson variation in clutch size under three patterns of 
rhen | progeny survival 
— Half eggs lost as Complete 

Complete __ entire clutches, and family unit 

eny random random survival for survival 
hese survival rest of development 

N,/N 0-87 0-45 0-0007 
onal 
ady On general grounds then, we may suspect that the effective breeding unit for 
is at the St Mary’s population is rather less than the census numbers indicate. If this is 
ntly so, the expected lethal gene frequencies in Table 11 will be overestimates. On the 
The other hand, if the effective breeding unit is smaller than we have assumed, this 
rect would increase the probability of random variations in lethal gene frequencies in 
rc. the population. 
utch 
ntial | DISCUSSION 
age Local variations in the habitat of an animal species may be expected to lead to 
oil unevenness in its spatial distribution. The uneven distribution of the Coelopa 
laid larvae is the result of selection by the adult flies of oviposition sites in high-tem- 
’ the | perature zones which clearly ensures that the larvae hatch in portions of the bed 
aval | where softening of the Laminaria is most rapid. The formation of aggregates 
i ne within each temperature zone is probably the result of the feeding habits of the 
le in larvae. Ulyett (1949, p. 105) has found that congregation of blowfly larvae ensures 
athe a plentiful supply of salivary secretions for predigestion of the meat on which they 
| the feed. Single or small numbers of larvae are unable to concentrate sufficient secre- 
aay tion to exploit the food successfully. Some indication, though statistically non- 


significant, of a similar effect of underpopulation was found by Burnet & Thompson 
(1960) for C. frigida, but the Laminaria stipe in these experiments was split open 
‘ to facilitate access by the larvae to the soft medulla, unlike the situation in the 
(5) wild, so that any effect of underpopulation would have been minimized. It is 
probable that the formation of aggregates of larvae is an adaptation for the most 


ee of efficient exploitation of the food medium. 

onal | The relevance of information of this kind to genetic analysis of wild populations 
and lies in the effect of the underlying pattern of spatial dispersion on the content of 
tion samples taken for examination for the occurrence of mutants. This is likely to be 
g to more important where samples consist of relatively immobile juvenile stages than 
wh & with more mobile adult flies. Similar observations using samples of juvenile stages 
mily from natural populations of other Diptera should provide an interesting compara- 
?, the tive study. Ives (1945) found that the frequency of repetition of individual lethals 
- in a sample of larvae taken from rotting fruit under a tree in an orchard population 
rival of Drosophila melanogaster in Florida was no greater than in a sample of mobile 
nsus_ | 


adult flies taken at the same place. Ives concluded that the females of D. melano- 
gaster do not lay more than a few eggs at any one site. Compared with the high 
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frequency of repeated lethals before correction in the data for Coelopa frigida we 
have the sort of difference which might be expected between a species which lays 
its eggs together in a clutch on one oviposition site and one which lays its eggs one 
at a time and which may distribute them at a number of sites. 

Nevertheless, the frequency of repetition of lethals in samples studied by Ives, 
from Maine, is rather high. But let us examine the method by which these samples 
were obtained. In the Maine collection four trap bottles were exposed for 14 hours 
at a seashore refuse dump. In this collection a few ‘old-looking flies’ were collected 
with a number of F, larvae. The genetic analysis was conducted on a sample of 
the F, and F, progeny of these individuals. Such a procedure introduces the risk 
of a high degree of consanguinity between individuals used for the genetic analysis, 
and if no correction is applied greatly increases the likelihood of isolating the same 
lethal more than once. Ives specifically states that the most desirable method for 
sampling a natural population is to take samples from as small an area as possible. 
Such a method of sampling is in my view to be avoided, since samples taken in this 
way cannot be regarded as being drawn randomly and fail to give an overall 
picture of the population under study. The results which have been obtained 
with C. frigida show that assessment of the frequency of individual lethals within 
a population must take account of the relationship of the method of sampling to 
the pattern of spatial dispersion of the stage in the life history being sampled. It 
is the distribution of lethals in the population as a whole that reflects the properties 
of its breeding structure, so that samples must be taken at as many positions as 
possible throughout the population. Moreover, we must not be too hasty in 
attributing special significance to repetition of individual lethals until we have 
examined the way in which they were drawn from the population under study. 

It is not possible to do more than arrive at tentative conclusions regarding the 
frequency of embryonic lethals in the St Mary’s colony until we have more infor- 
mation about the lethal mutation rate in C. frigida. Positive selection favouring 
lethal heterozygotes may be the correct explanation of the high frequencies of the 
three lethals in 1959, but if these are selectively maintained at high frequency in 
the population one would expect to have encountered them in the samples for the 
two previous years. The selective advantage of heterozygotes for deleterious 
recessive genes are not unknown in natural populations: there is, for example, 
the well-known case of the sickling trait in man (Allison, 1954), and the Brachyury 
alleles in wild populations of the mouse (Dunn & Suckling, 1956). Recently 
Terumi and Burdick (1959) have described a remarkable case of single gene 
heterosis associated with a second chromosome recessive lethal in a laboratory 
population of Drosophila melanogaster. On the other hand, an overwhelming 
body of evidence is accumulating from natural and laboratory populations which 
shows that, in general, supposedly recessive lethal genes have mildly deleterious 
effects on the viability of the heterozygous carriers (Dubinin 1946; Dobzhansky 
& Wright, 1941; Wallace, 1950; Stern et al., 1952; Hiraizumi & Crow, 1960). In- 
completely recessive effects on viability of certain lethals in the heterozygotes 
have also been detected in Coelopa frigida and will be reported separately. 
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Dubinin (1946) has produced evidence of changes in the gross frequency of 
recessive lethals in Russian populations of Drosophila melanogaster which he 
attributes to seasonal changes in population size. However, Goldschmidt et al 
(1955), studying populations of the same species in Israel, have been unable to 
confirm this ‘Dubinin effect’. On the other hand, in the more recent data of 
Hiraizumi & Crow (1960) on American populations of this species, there is again 
evidence of seasonal change in the gross frequency of recessive lethals. The results 
which have been obtained with Coelopa frigida fail to show any difference in the 
frequency of recessive lethals at different periods in the seasonal cycle. As Gold- 
schmidt et al. have suggested, the ‘Dubinin effect’ requires more detailed study. 

Dobzhansky & Wright (1941), Dubinin (1946) and Paik (1960) found evidence 
of a high frequency of repetition of individual lethals in natural populations of 
Drosophila which they attribute to random variance in populations of small 
effective size. Similarly, Lewontin & Dunn (1960) have produced evidence to 
suggest that random variance effects are responsible for differences in the fre- 
quency of the Brachyury alleles in natural populations of the mouse. Certain 
lethals also occur repeatedly in the St Mary’s population of Coelopa frigida, but 
on the available evidence it is not possible to state with certainty that this is due 
to random variance effects. On balance, however, this seems the most reasonable 
explanation. 


SUMMARY 


An account is given of the habitat and ecology of a wrackbed population of 
Coelopa frigida (Fab.). The spatial distribution of the third-instar larvae was 
found to be patchy. This is due to a preference of adult flies for oviposition sites 
in zones of high temperature within the wrackbed. The relationship between 
larval density and temperature was found to account only in part for the patchy 
distribution, a second factor being the formation of family aggregates within each 
temperature zone. The effect of this type of spatial distribution on the interpre- 
tation of genetic sampling methods for the population is discussed. 

Samples of third-instar larvae from the wrackbed population have been analysed 
for the presence of recessive embryonic lethals in three consecutive years from 
1957 to 1959. From a total of 528 gametes tested, 44 recessive embryonic lethals 
were isolated. Cross tests for allelism showed that certain lethals were repeated 
within samples taken in the same year. 

The gross frequency of embryonic lethals is shown to be independent of seasonal 
changes in population density. Estimates of gene frequency are made for certain 
individual lethals and these are shown to be greater than expected on the basis of 
the census size of the population. Possible causes of this discrepancy are examined. 


This work was carried out during tenure of a post-graduate studentship from the Depart- 
ment of Scientific and Industrial Research. The author wishes to express his gratitude to 
Dr U. Philip for her guidance throughout the course of this work and to Professor Sewall 
Wright and Dr Forbes W. Robertson for helpful suggestions during preparation of the 
manuscript. 
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INTRODUCTION , 4 


During the course of selection for large and small body size in mice of strain J, 
Falconer (1953, 1955) found that the phenotypic variability in the small line, as 
measured by the coefficient of variation, was doubled between generations seven 
and nine. He suggested that the increased variance was due to a mutation at a 
single locus causing a large reduction in body size, a dwarfing gene (pygmy) having 
previously been found in MacArthur’s (19444, b) small selected line (King, 1950). 
But the existence of a mutant gene could not be verified experimentally (Falconer, 
1953, 1955). After twenty-two generations of selection, the offspring of some 
matings in the small line were again observed to be noticeably smaller than their 
litter-mates. Some of these smaller mice were obtained for study, and the present 
paper describes aspects of their genetics and physiology. The mice were named 
‘midget’. 

OBSERVATIONS 


Description 

Midget mice were found in the small line (NS) of Falconer’s strain N. They 
could first be distinguished from their normal NS litter-mates between 12 and 14 
days of age by an abnormally short and rounded head, wide-set eyes, and ears 
which were more horizontal than normal. These characteristics which persisted 
into adult life (Plate 1) made them easily distinguishable from any ‘runts’ in the 
litter. A considerable variation was found between matings in the severity of the 
expression of the mutant, though the characteristic phenotype was unlike that of - 
pituitary dwarf (Snell, 1929) or pygmy (King, 1950). 


Genetics 
When phenotypic variability increased in line NS between the seventh and the 
ninth generations of selection, attempts to establish the existence of a single 
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Fig. 3. A midget male (bottom) and a normal NS male litter-mate at 6 weeks of age. 
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mutant gene were made by backcrossing the smaller NS mice to those of the line 
selected for large body size (NL) (Falconer, unpublished). However, no noticeably 
smaller mice were found among the backcross progeny, or among intercrosses 
between the progeny. Moreover, the decrease in body size in line NS was not due 
to a heterozygous effect, for back selection only reduced the variance in body 
weight half-way towards the original level (Falconer, 1955). The retarded growth 
of midget mice in generation 22 may have been due to the same gene(s) that had 
| increased the variance in body size in earlier generations. 


Table 1. The segregation of midget and normal offspring 
in crosses within line NS 


Phenotype of offspring 


= = Se eee 
Type of cross Midget Normal Total 
Midget x midget 96 0 96 
Backcrosses 70 77 147 
Heterozygous NS matings 49 145 194 


A stock of midget mice was isolated for further study by setting up full sib pairs. 

All of these matings produced only midget offspring (Table 1), the proportion of 
males to females being 42:54. Tests for a single gene segregation were accord- 
ingly made by crossing midgets with normal NS mice, and then backcrossing the 
normal female offspring to midget males. Results are shown in Table 1. The ratio 
midget: normal progeny was very close to the expected 1:1 ratio. No significant 


Table 2. The segregation of midget and normal offspring 
in backcrosses to lines MS and CS 


} Phenotype of offspring 
: a Post-natal 
Type of backcross Midget Normal Total mortality 
1. MS 
Series 1 24 75 99 2 
Series 2 54 93 147 10 
Total 78 168 246 12 
) 
2. CS 6 36 42 3 


Each backcross ratio differed significantly from the expected 1:1 ratio (P < 0-01). 


heterogeneity was detected between matings in the ratio of midget:normal 
offspring. In a further experiment, the offspring were classified from six normal 
NS pairs which were giving midget and normal offspring. These NS mice, which 
were presumably heterozygous for midget, gave midget: normal offspring in a ratio 
close to the expected 1:3 (Table 1). The midget phenotype thus appeared to be 
due to a single gene. 

The backcrosses were repeated using two other unrelated small strains. The 
two strains were also the result of selection: MacArthur’s (1944a, b) small line 
MS, and another of Falconer’s: line CS (Falconer, 1960). The ratio of midget: normal 

offspring in these backcrosses is given in Table 2, the two series of backcrosses to 


s 
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line MS being made at an interval of approximately one year. Classification of | 


A 
many of the midget offspring was much more difficult in these backcrosses than in and 
those to NS mice, the phenotype appearing to be much less extreme. The ratio In t! 
of midget: normal offspring was significantly lower than the expected 1:1 (Table 2). NS 
The lack of midgets could not be attributed to foetal mortality before birth, for mid 
the mean litter size of the heterozygous females was similar whether mated to diffe 
MS or midget males (5-5 and 6-2 respectively, no significant difference between ovel 


means). Moreover, death of offspring after birth was insufficient to account for 
the lack of midgets (Table 2). More midgets occurred in the second than in the first 15 
series of MS backcrosses, although the ratios in the two series did not differ sig- 
nificantly (Fj, = 3-5, P> 0-05). The above results indicated that the midget 
phenotype was a product of a single gene difference in the NS background only, 1: 
and perhaps in a few of the MS matings in which certain modifying factors 

(genes ?) were present. 


Five pairs of midgets from the first MS backcrosses produced more than 100 n 
offspring, all of which were midget. 


as, 


Growth of midgets 


The growth-rates of midgets from homozygous matings are given in Table 3 
and Text-fig. 1, corresponding data on the growth-rates of normal NS males 
being given for comparison. The mean body weights of the non-fostered midgets 
are probably overestimates, and those of the fostered midgets underestimates, 


Weight (gm.) 


Table 3. Mean body weights of midget mice between birth 
and 84 days of age 





1. Not fostered 2. Fostered 
Age r NW eo NS 
(days) Males Females Males Females 
Birth 1-2 1-0 1-1 1-0 
6 2-3 2-6 2-2 2-1 
12 4-:0+0-3 4-1+0-2 4-6+0-2 4:14+0:3 
15 4-6 4:8 5-5 4-9 
18 4-4 4:8 5-9 5:0 
21 4-6+0-2 4-7+0-2 5-9+ 0-2 5-0+0-2 

24 _— 5:3 5:8 5-3 Te 

28 5-7 5-9 6-1 5:5 

35 — 7:5 7:4 6-4 
42 9:0+0-7 8-4+0-4 9-8+0-4 7:2+0-5 Re 
84 13-0 11-6 = -= m 
di 
because the smallest midget mothers were poor sucklers and their offspring had to wi 
be fostered. Midget mice were smaller than NS mice at all stages of growth, and in 
seldom exceeded 10 g. in weight at 6 weeks of age. Their growth-rate was especially (1 
retarded between 15 and 21-24 days of age, when many of them actually lost Ww 
weight. Due to their small size, weaning of many midgets had to be delayed from wW 


3 until 5-6 weeks of age. 
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A detailed comparison was made between the 3- and 6-week weights of midgets 
and their normal litter-mates in the NS backcrosses and heterozygous matings. 
In these matings and backcrosses, the midgets were competing for milk with their 
NS litter-mates, and were weaned at 3 weeks of age. In litters containing both 
midgets and normal NS mice, a mean weight was obtained for each type, the 
difference between these means was found for each litter, and the mean difference 
over all litters was then calculated. Data on the two sexes were analysed separately. 


15 


13 


1] 
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Text-fig. 1. The growth curves of Midget and NS males between birth and 42 days of age. 


Results are given in Table 4. The difference in weight between midgets and NS 
mice was more marked at 6 weeks than at 3 weeks. Despite the considerable 
difference in body weights, however, a clear bimodal distribution in 3- or 6-week 
weight was not apparent when the frequency distribution of the weights of 
individual mice was plotted, due to an overlap in the distribution of the two types 
(Text-fig. 2). Classification of midgets on weight alone was obviously difficult, 
which could explain why Falconer (unpublished), in earlier generations, was 
unable to separate midgets from normal litter-mates in the absence of morpho- 
logical differences. 
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Text-fig. 2. Frequency distribution of the 3- and 6-week weights of offspring of 
midget-NS backcrosses and heterozygous matings. 
Data were taken from litters containing midgets and normal NS mice, the 
numbers of animals contributing to the data being as follows: 


3 weeks, females: 33 midgets, 31 NS 
3 weeks, males: 30 midgets, 46 NS 
6 weeks, females, 49 midgets, 59 NS 
6 weeks, males, 41 midgets, 64 NS 
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Thirty-nine female and thirty-one male midgets from MS backcrosses were 
weighed at 6 weeks of age. They were heavier than midgets on an NS background 
(Table 4). 


Table 4. Weight differences between midgets and their 
normal litter-mates at 3 and 6 weeks of age 














Females Males 
¢ iia ie ie —— ad * * eee 
Mean weight Mean weight 
=a ——s \ f oes oa , \ 
Age . Normal Difference , Normal Difference 
‘ Midgets ,. Midgets ,. 
(weeks) ; litter-mates between means litter-mates between means 


1. Midget x NS 


3 4-4 5-7 1-2+0-2 4-7 5:8 1-3+0-2 
6 7-2 11-1 3-64+0°3 7-9 12-4 4:4+0-4 
2. Midget x MS 
6 9-4 12-5 2-8+0-4 10-1 14-8 41405 


Does the uterine environment influence the midget phenotype? 


The influence of the maternal environment on the midget phenotype was studied 
by transferring 3}-day-old blastocysts and morulae into recipient females. The 
embryos were taken from midget females which had mated to midget males; the 
recipients were NL females which had mated to NZ males 2} days previously. 
Eye-colour markers were used to identify the NZ and midget offspring. 

Three recipient females received a total of ten embryos. Two of these females 
gave birth to litters. Four offspring, of which one was dead, had eye colour 
identifying them as midgets, ten others being NL. The morphology of the midgets 
was unaffected by the uterine environment of the host. However, the growth-rate 
of the three midgets, which suckled the host NZ female, was higher than that of 
midget offspring from midget matings although the characteristic check in growth- 
rate occurred at approximately 20 days of age (Text-fig. 1). Some midget offspring 
from midget mothers were fostered at birth on to NL or other large-type mothers. 
The growth-rate of these offspring was slightly increased, though their growth 
pattern was unchanged (Text-fig. 1). 


The natural fertility of midgets 

Though there was a delay in reaching maturity, most midget males were fertile 
and sexually active. There was a pronounced delay in the onset of sexual maturity 
in midget females, as judged by vaginal smears. Most females were non-cyclic 
until at least 4 or 5 months of age, and others never became fertile. The fertility 
of the cyclic mice was studied as follows. 

Nine midgets were autopsied 24 hours after mating. Eight of them were found 
to have recently ovulated eggs (Table 5), the mean number ovulated being 5-3. 
Some NS mice also fail to ovulate during the oestrous cycle in which mating occurs 
(Fowler & Edwards, 1960) (see Table 5), but this happens only rarely in the other 
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lines. More than 95°, of the eggs recovered from the midgets were fertilized when 
examined under a phase-contrast microscope. 

Eleven midgets were autopsied 12 days after mating. Only four of them had 
any implanted embryos (Table 5), a similar proportion of NS females also having 
implanted embryos after mating. Seven other midgets were accordingly given 
daily supplements of progesterone (2 mg./day) from day 2 until day 12 after mating 
(for details of this technique see Smithberg & Runner, 1956, 1957). Six of these 
mice had implanted embryos (Table 5), the mean number of implanted embryos 
being similar to that in untreated mice. Progesterone also increased the proportion 
of NS mice with implanted embryos. More data on the influence of progesterone 
on the maintenance of pregnancy are given below. 


Table 5. Ovulation and pregnancy in midget and NS mice 
after mating during natural oestrus 


1. Ovulation 24 hours after mating 


No. that No. with Mean no. of 
mated eggs eggs 
Midget 9 8 5-3+0°5 
NS 32 25 4:5+0-2 


2. Pregnancy 12 days after mating 
No. Treatment No. and % 


that after with implanted Mean no. 
mated mating embryos of embryos 
Midget ll None 4 (36%) 3-8+0-8 
7 Progesterone* 6 (86%) 3-5+0°4 
NS 34 None 14 (41%) 4-3+0°3 
17 Progesterone* 14 (82%) 4:9+0:3 
* See text. 


Treatment of midgets with exogenous gonadotrophins 


The gonadotrophins pregnant mares’ serum (PMS) and human chorionic 
gonadotrophin (HCG) can be used to induce oestrus and ovulation in immature 
(Runner & Gates, 1954) and adult mice (Fowler & Edwards, 1957). Previously, 
infertile non-midget mice of line NS had been brought into oestrus and induced to 
ovulate by use of these gonadotrophins, though the great majority of the resulting 
pregnancies were not maintained unless daily progesterone injections were given 
to the mice (Fowler & Edwards, 1960). A similar experiment was carried out on 
sterile midget mice. Injection of 3i.u. PMS proved to be excessive, for only 
7/10 midgets ovulated; 1i.u. or less was therefore employed (Table 6). Oestrus 
and ovulation were readily induced in the sterile midget mice (Table 6). In the 
absence of further treatment, however, the majority of midgets possessed no 
implanted embryos 12 days after mating. Progesterone supplements given as 
described above were successful in all ten midgets treated, and the mean number 
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of implanted embryos was significantly higher than in naturally-mated midgets 
(Fj, = 15-5, P< 0-01). These results were similar to those obtained with NS mice, 
except that more NS females could maintain pregnancy without progesterone 
supplements (‘Table 6). Clearly, both midgets and NS mice were deficient in follicle- 
stimulating and luteinizing hormone, and in the secretion of prolactin, progesterone, 
or both. 


Table 6. Ovulation, mating, and pregnancy in midget and NS 
mice after treatment with gonadotrophins 


1. Ovulation 24 hours after treatment of midgets 


Amount No. of mice No. that No. No. with Mean no. 

of PMS treated mated autopsied eggs of eggs 
Siu. 24 17 10 7 9-3+ 2-4 
iu: 25 21 6* 5 9-4+2-6 
$ iu. 7 4 Eis 7 9-0+2-7 


* Each group includes 3 mice that did not mate. 


2. Pregnancy 12 days after mating (1 i.u. PMS) 


No, that Treatment No. and % with Mean no. 
mated after mating implanted embryos of embryos 
Midget 9 None 1 (11%) 8 
10 Progesterone tf 10 (100%) 6-5+0°8 
NS 17 None 6 (35%) 9-2+1-8 
15 Progesteronet 13 (87%) 7-2+1-1 


+ See text. 


DISCUSSION 


The gene midget has arisen in a line of mice selected for small body size (NS), 
and requires the genetic background associated with this particular line for its 
full phenotypic expression. Within line NS, the midget phenotype was due to a 
single recessive gene. In backcrosses to other small lines, however, the frequency 
of midget offspring was much lower than expected, and the severity of the ex- 
pression of the gene was reduced. The lack of midgets in these backcrosses could 
not be explained by pre- or post-natal mortality. It thus appeared that on these 
genetic backgrounds many homozygous midgets were no longer distinguishable 
from their non-midget litter mates. Moreover, the incidence of midget offspring 
was lower in backcrosses to the heavier CS mice than to the lighter MS mice, and 
Falconer (unpublished) found no undersized mice in backcrosses to large (NL) 
mice. The modifying factors necessary for the full phenotypic expression of 
midget were evidently absent from or ineffective in mice selected for large body 
size. Evidence of the genetic nature of these modifying factors was provided by 
the experiment on the transfer of 3}-day-old midget embryos into the uteri of large 
(NL) mice: after birth these midgets retained their typical phenotype and pattern 
of growth despite the changed uterine environment. 

The presence of a mutant gene at a single locus having a large effect on body 
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size and dependent for its expression on a number of modifying genes would explain 
the increased variance in line NS from generation 7 onwards (Falconer, 1953, 
1955). At that time classification could only be made on body weight, for the 
undersized mice were evidently otherwise indistinguishable from their normal 
litter-mates. The reappearance of undersized mice among the offspring of genera- 
tion 22, with their characteristic midget phenotype, may have been due to the 
fixation of more modifying genes in the intervening generations. These modifiers 
may have been associated with small body size, since the 6-week weight of NS 
mice declined by approximately 5 g. between generations 7 and 22. The parallel 
between the discovery of midget in Falconer’s small line and that of the gene 
pygmy in MacArthur’s small line is most striking. Furthermore, a gene for large 
body size, adipose, has been found in a line selected for large body size (Falconer 
& Isaacson, 1959). Unlike midget, however, the emergence of pygmy and adipose 
was probably not due to the accumulation of modifiers during selection, for both 
of these genes segregate normally on a wide variety of genetic backgrounds. 
Either of these mutants could presumably have been found in any strain of 
mice. 

Several comparisons are possible between the physiological traits associated 
with midget and those of other dwarfing genes. The lack of growth in pituitary 
dwarf mice has been related to the absence of typical eosinophil cells of the anterior 
pituitary associated with a deficiency of growth hormone (Smith & McDowell, 
1930, 1931; Francis, 1944). Preliminary histological studies have shown no gross 
abnormality of the anterior pituitary of midget mice. Both pituitary dwarf and 
midget show a severe retardation in growth between 16 and 24 days of age, even 
when food is plentiful, though adult midgets are larger than pituitary dwarfs, 
which average 5-8 g. (Boettiger & Osborn, 1938). Pygmy mice lose weight between 
12 and 21 days of age through lack of milk, and weigh approximately one-half 
of normal litter-mates at 6 weeks of age, averaging 5—6 g¢. in MacArthur’s small line 
(King, 1950, 1955). 

Each of the three genes is associated with sub-fertility. Pituitary dwarf males 
may possess near-normal testes and accessory glands (Smith & McDowell, 1931) 
but are usually sterile, whereas midget males are fertile though delayed in reaching 
maturity. Smith & McDowell also showed that though ‘gonad-stimulating hor- 
mone’ was not deficient in pituitary dwarfs (see Elftman & Wegelius, 1959) the 
reproductive organs of the females were infantile. The absence of an oestrous 
cycle in some midgets, and the failure of others to ovulate after natural mating, 
imply deficiencies of both follicle-stimulating and luteinizing hormones respec- 
tively, and the lack of progesterone secretion during pregnancy could be due to 
inadequate secretion of prolactin. Although less severe, similar deficiencies in 
pituitary secretion evidently occur in NS mice (Fowler & Edwards, 1960), and 
these hormonal defects are therefore probably associated with the reduced growth- 
rate arising from selection for small body size rather than with midget. Sterility 
in pygmy mice is also conditioned by the genetic background, though the cause of 
the sterility is not known (King, 1955). 
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SUMMARY 


Midget, a new dwarfing gene in the house mouse, was found in a line (NS) 
selected for small body size. Backcrosses to, and heterozygous matings of NS 
mice gave midget offspring in the expected 1:1 and 1:3 ratios. Backcrosses to 
two other lines of mice selected for small body size resulted in fewer midget off- 
spring than expected and in a reduced phenotypic expression of the gene, though 
matings between these midget offspring gave all midget progeny. 

A characteristic check in growth occurred between 15 and 21-24 days of age, 
and midgets rarely exceeded 10 g. at 6 weeks of age. They were 1-2 g. lighter than 
NS litter-mates at 3 weeks, and 3-6—4-4 g. lighter at 6 weeks. Fostering or trans- 
ferring 3}-day-old midget embryos to the uteri of large mothers slightly increased 
the growth-rate, though the characteristic growth check still persisted. Transfer 
as embryos did not influence the midget phenotype. 

Midget males were of near-normal fertility. The females were semi-sterile due 
to irregularity or absence of oestrous cycles, failure to ovulate, or the death of 
embryos before implantation. Each of these factors, which were also found in 
NS mice, could be remedied by the administration of exogenous hormones. 

The genetic factors underlying the expression of midget are discussed, and the 
physiological traits associated with this and with other dwarfing genes are com- 
pared. 


We are most grateful to Dr D. 8. Falconer for providing the stocks of mice used for these 
experiments and for his helpful criticisms in the preparation of this manuscript. We should 
also like to thank Miss Gillian Icke for drawing the text-figures. 
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‘Bare’, a new hairless mutant in the mouse—genetics and 
histology 


By HOMAI P. RANDELIA anp L. D. SANGHVI 


Indian Cancer Research Centre, Parel, Bombay 12, India 


(Received 5 January 1961) 


There are many reports in the literature on different types of hereditary hypo- 

trichosis in mice. Gordon, in 1850, apparently was the first to report hairlessness 

in the house mouse. Since then, hairless specimens have been reported by several 
others in house mice, American deer mice and Asiatic tame mice. These conditions 
of genetic hairlessness fall into three main categories: 

1. Mutants in which hair-loss took place by the shedding of entire hairs—viz. 

‘hairless’ (David, 1931; Fraser, 1946; Montagna et al. 1952), ‘rhino’ (Howard, 

1940), hairlessness in Asiatic tame mice (Makino, 1950), and ‘hairless’ in 

American deer mice (Rigdon & Packchanian, 1957). 

. Mutants in which hairlessness was produced by defective keratinization of 
hairs—e.g. ‘Naked’ (David, 1931; Fraser, 1946), Alopecia (Dickie, 1955), 
‘matted’ (Searle & Spearman, 1957; Jarrett and Spearman, 1957). 

3. Mutants which led to a complete absence or loss of certain types of hairs — e.g. 

‘crinkled’ (Falconer et al., 1951), ‘Tabby’ (Falconer, 1953) ; ‘ragged’ (Carter 
& Phillips, 1954). 

Another new hereditary defect affecting the hair coat of Swiss albino mice and 
designated as ‘bare’ was first observed in February 1953 at the Poona Virus Re- 
search Centre. Later on at the I.C.R.C., similar hairless mice along with the normal 
ones were also born to Swiss parents. Since then, these mutant animals have been 
reared in the mouse colony at the I.C.R.C.. This new mutant, ‘bare’, belongs to 
the second category of hairless mutants, since the abnormality was observed in 
the keratinization of hair. The present report is on the genetics and comparative 
study of the hair growth in the normal and the mutant mice. 


bo 


MATERIAL AND METHODS 
In order to determine the precise mode of inheritance, five different breeding 
experiments between the normal and bare mice were conducted. Hair growth, 
hair pattern, hair types and other changes were observed daily in normal and bare 
mice from the time of their birth till they were 6 months old. The study of the 
hair follicles in the skins of the normal and bare mice was carried out in two ways: 


(t) Whole mounts of the epidermis 
Acetic acid digestion method was employed for preparing the whole mounts of 
the epidermis (Liang, 1948). The hairy and bare animals used were 1-day, 5-day 
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and 10-day-old. Five animals were used in each age-group. Small pieces of skins 
from the right side of the mid-dorsum were utilized. The epidermis was stained 
with Mayer’s hematoxylin and mounted in Canada balsam with the basal epidermal 
layer uppermost. 


(iz) Paraffin sections of the skins 
The comparative histological study of the hair cycles of hairy and bare mice was 
based on skin specimens of both sexes of animals ranging from newborn to 6 months. 
A total of 200 mice were investigated. Small rectangular pieces of skin were 
removed from the right side of the mid-dorsum for this study. They were fixed 
in Bouin’s fluid for 24 hours. Sections were stained with Ehrlich’s hematoxylin 
and eosin. A few slides were also stained with Mallory’s staining technique. 


OBSERVATIONS 


A. Genetics 
As seen from the breeding experiments in Table 1, the appearance of only hairy 
offspring from the matings of hairy females with bare males suggested the reces- 
sive condition of the mutant. The segregation from the intercross matings gave 


TABLE 1. Segregation data for bare mice 


Type of mating 





—— Number of Number of Number of 
Female Male litters normal mice bare mice Total 

s +/+ ba/ba 5 40 = 40 

2. + /ba + /ba 15 92 34 126 
(94-5) (31-5) 

3. + /ba ba/ba 8 41 34 75 
(37-5) (37-5) 

4, +/+ + /ba 5 27 ~- 27 

5. ba/ba ba/ba + 0 30 30 


(The expected values are given in parenthesis.) 


a ratio which did not differ significantly from the expected one of 3:1. Besides, 
the proportion of hairy to bare from the backcross mating was in a ratio of 1:1 as 
expected. In the fifth test, crosses between bare animals gave only bare offspring. 
These results further support the recessive nature of the mutant. These data 
indicate that the bare phenotype appears in animals that are homozygous for an 
autosomal recessive gene. The symbol ba has been suggested for this mutation. 


B. Hair growth 
1. Gross examination 


The normal and the bare mice were of the same size at birth. They were all 
naked at birth except for the presence of vibrissae and other sensory hairs on the 
face in the normals. At 4 days small tiny hairs appeared on the head, neck and 
back of normal mice. By the tenth day the animals had a fine coat of hair. In 
bare mice, small fine hairs appeared at about 12 days after birth. They were first 
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visible on the head, neck and shoulders and then covered the sides of the dorsum 
within 4 to 5 days. By the twenty-first or twenty-second day, the skin was covered 
with short, fine, sparse hairs till the thirtieth day (Fig. 1), after which the hairs 
were lost and the skin attained a smooth appearance. Some new hairs grew on 
the sides of the dorsum by about the age of 45 days which remained for 10 to 
12 days more. Later, hair regeneration in monthly cycles, were noticed for 2 to 
3 months more. At 6 months, the animals were strikingly naked except for some 
whiskers (Fig. 2). In very few mice, the head and back were always covered with 
small hairs which dropped off and redeveloped in cycles. 

The eyes were normal except in a few cases where the animals were blind. The 
claws were also normal. The growth of bare animals was slower than the hairy ones 
and this difference increased steadily from the tenth to the thirtieth day. This 
difference in size persisted throughout life, though less marked in the older animals. 
These animals lived for about a year. 

Samples of hair from the right side of the back of normal and bare mice were 
plucked from the root at 21 days for gross and microscopic examination. The four 
types of hairs, viz. guard hairs, awls, auchenes, and zigzags, were not distinguish- 
able in bare mice. The hairs were small and thin as compared with the normals. 
The internal structure of the hairs of the mutant differed from that of the normals, 
since the number of rows of air cells was neither constant nor regular throughout 
the length of each hair as seen under the microscope. 


2. Microscopic examination 

The scanty and delayed hair growth suggested the absence of one or two types 
of hairs. Therefore, hair follicles in the whole mounts of the epidermis of hairy 
and bare mice were counted. In each skin sample, hair follicle counts were made at 





EXPLANATION OF PLATE 


Fig. 1. Normal and bare mice (both 21 days old) showing the difference in the type of hair 
growth in them. 


Fig. 2. Adult hairy and bare mice. The bare mouse is completely naked except for few hairs 
on the head. 


Fig. 3. Globular keratinized mass in the bulb of one of the follicles, in the skin of a 4-day-old 
mouse (indicated by arrow). H. and E. x 100. 


Fig. 4. High-power picture of the same follicle indicated in Fig. 3. H. and E. x 200. 
Fig. 5. Normal hair development in the skin of a 4-day-old mouse. H. and E. x 100. 


Fig. 6. The skin of a 7-day-old mouse. The hair is at the epidermis. Globular swellings are 

present in the follicles. H. and E. x 60. 

Fig. 7. High power view of a hair follicle as seen in Fig. 6 (indicated by arrow) showing 
keratinized mass at the epidermis. H. and E. x 200. 

Fi 


Fig. 9. High-power view of the follicle (indicated by arrow) in Fig. 8. H. and E. x 200. 


JQ 


. 8. The skin from a 14-day-old mouse. The hair is outside of the skin. H. and E. x 60. 


Fig. 10. Skin of 6-month-old bare mouse. The follicles with abnormal hair are below the 
resting ones. H. and E. x 100. 
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a magnification of 10 x 10, in twenty-five fields each of 2 mm. square area. Table 2 
gives the results of the mean values of the total number of follicles of the five skin 
specimens. The ‘students’ t-test was applied to find out whether there was any 
significant difference in the mean number of follicles in any age group. The values 


TaBLE 2. Hair follicle counts in normal and bare mice 


Mean values of the total 





number of follicles of Values of 
Age five skin samples t a 
Normal Bare 
1 day 31 27 0-803 05>P> 0-4 
5 days 35 38 0-654 06>P> 0-5 
10 days 25 26 0-218 09>P>08 


of ¢ at different age-groups in hairy and bare animals are also given in the table. 
There was no significant difference in the mean number of follicles in the skins of 
hairy and bare animals as found by the (t-test. 

Dry, in 1926, divided the hair cycle of mice into three stages according to the 
growth of the hair follicles: 

Anagen—growing phase of the follicle. 

Catagen—transitional phase. 

Telogen—resting phase. 
The growing phase was further subdivided by Chase (1954) into six substages on 
the basis of the morphological changes in the development of the hair follicles. 
In this study, the terminology of Chase has been used throughout in referring to 
the various developmental stages. 

In the first three stages of anagen, no difference was perceptible between the 
normal and bare mice. During this period, the development of the hair follicles 
was confined to the formation of the three layers in the cone of the internal root 
sheath. Sebaceous glands were present at the mouth of the follicles. 


Anagen IV. The first visible abnormality in the skins of bare mice was observed , 


in anagen IV. In the skins of 4-day-old bare mice, some distinct changes were 
found regarding the development of hair (Figs. 3 and 4). The normal pattern of 
the cells of the three concentric layers of hair (Fig. 5), viz. cuticle, cortex and 
medulla, which arose from the bulb and moved upwards was entirely missing. 
Instead, a mass of cells with deeply stained nuclei were seen in the central part 
of the bulb of some follicles. In others, globular masses were found in the bulb 
just above the dermal papilla. The globular masses consisted of a central shiny 
yellow portion surrounded by layers of deeply staining cells. All the follicles 
showed an abnormal type of hair development. 

Anagen V. In 6-day-old hairy animals, the hair was found at the epidermis. 
In 7- to 8-day-old bare animals, the development of the hair was still poor as it 
reached the level of the epidermis. The hair still presented globular swellings in 
some part of the follicle (Figs. 6 and 7) . The bulged hair obliterated all the layers 
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leaving an external root sheath. Even in the straight hair wherever present, there 
was neither firmness nor rigidity, which was the characteristic feature of the normal 
keratinized hair. 

Anagen VI. In 7- to 8-day-old normal mice, the straight keratinized hair was 
outside the epidermis. In 13- to 14-day-old bare mice, the hair emerged through 
the epidermis. All the follicles were long and slender with poorly keratinized hair 
in them. The lumps were no longer visible in any of the follicles (Figs. 8 and 9). 

Catagen and telogen stages appeared normal. Sebaceous glands were larger as 
compared to those in the normal in the resting phase. 

Along with different stages in hair growth, there were corresponding changes in 
the whole skin. The epidermis thickened with hair growth and remained the same, 
which was not so in the skins of the normal animals. The dermis and hypodermis 
increased in thickness with hair growth. 

No further changes were observed in the skins of bare animals. The same 
abnormal hair picture was repeated in successive hair cycles, so that in 6-month- 
old skins some follicles with abnormal hair were below the resting ones (Fig. 10). 


DISCUSSION 

The bare mutant is of interest, since it is phenotypically distinct from the mutants 
described previously and represents a new type of hereditary hair loss in the mouse. 
Microscopic study of their skins also revealed a defect, not described previously in 
the development of hair, and so the mutant is of added importance in giving new 
information about normal hair growth. 

Abnormal growth of hair in mice has been investigated morphologically, 
histologically and histochemically by a number of workers, among whom a parti- 
cular mention may be made of Fraser (1946), Montagna et al. (1952), Searle & 
Spearman (1957) and Jarrett & Spearman (1957). All the hairless strains studied 
so far had vibrissae at birth, except for homozygous Naked mice which could be 
recognized at birth by the lack of vibrissae. In the present bare mice also, the 
absence of vibrissae and other sensory hairs at birth allowed them to be easily 
differentiated from the normal ones. In other mutant animals, the first signs of 
hair appeared between 4 to 8 days after birth, and the depilation in some began 
after 12 to 14 days. In the bare mice, however, the first signs of hair were visible 
at 11 to 12 days. These tiny hairs remained on the body of the animals for 12 to 
15 days more and then disappeared at about the thirtieth day. This pattern of 
hair growth and hair loss distinguished the bare animals from the other hairless 
strains. The skin in older animals remained smooth instead of being thickened or 
folded as found in rhino and hairless mice. 

The fact that the emergence of hair was delayed by about 8 days suggested that 
the primary defect might be in the formation of hair follicles. Whole mounts of the 
epidermis of 1-day-, 5-day- and 10-day-old animals showed no diminution in the 
number of follicles as compared with those of the control. The scanty growth of 
hair was due to some defect in the development of hair as seen from the micro- 








288 Homat P. RANDELIA AND L. D. SANGHVI 


scopic examination of the skins. The histology of the skins revealed keratinized 
globular masses in the follicles, suggesting some defect in the formation of the 
straight medullated hair. The same abnormal hair picture was repeated in all the 
hair cycles. It is thus clear that the bare mice are different from all the other 
mutants reported so far. 

The cause of this abnormality is still not clear. In normal mice, the keratiniza- 
tion of hair is a gradual process that takes place along the entire length of the hair 
root and is completed in the middle part of the hair. The skins of bare mice also 
show the presence of different stages in the development of hair. These changes 
in the beginning are not visible at different levels in the follicles. Instead, in 
4-day-old mice, yellow keratinized masses appeared in the bulbs of the follicles. 
This suggested that the entire keratinization of hair took place in the bulb of the 
follicle. The progress of hair development in the anagen stages IV, V and VI was 
therefore delayed. Later on, at 6 to 7 days, owing to cellular multiplication in 
the matrix, the keratinized hair made its way up the follicle. Then, the cells of the 
cuticle, cortex and medulla which formed the hair could be clearly seen in the bulb 
of the follicle. The first signs of hair outside the skin were at about 13 to 14 days 
of age of the animals. Even then, the erupted hair was of poor quality, small and 
thin as compared with the normal. 

The histological study revealed some disturbance in the early stage in the 
development of hair, giving rise to poor hair growth. 


SUMMARY 

1. A new hereditary defect affecting the hair coat of Swiss albino mice is des- 
cribed. The defect was found to be inherited as a recessive character and is desig- 
nated as bare (ba). 

2. The gene affected the vibrissae as well as pelage hairs. The lack of vibrissae 
and other sensory hairs at birth, helped to differentiate them easily from the normal 
animals. The first hairs on the body appeared at 13-14 days of age. The hairs 
were thin and tiny and remained there till about the thirtieth day. The hairs in 
the second hair cycle appeared at about 45 days, and again disappeared within 
10 days. The animals were entirely naked when they were 6 months old. 

3. Gross as well as microscopic examination of hairs in the first hair cycle did 
not show the four different normal types of hairs. The hairs were comparatively 
very small, thin, and the internal structure did not show any regularity in the 
arrangement of the air cells. 

4. No difference was found in the number of hair follicles in the bare and the 
normal Swiss mice. 

5. Histology revealed the presence of keratinized globular masses instead of 
straight hair. This abnormality persisted in all the hair cycles. 

6. The bare mice were compared with the other mutants and placed in the 
Alopecia-Naked group where the abnormality was in the keratinization of the 
hair. 


We 
India 
are d 
our a 
Shah 


CART 

the 
CHas 
Dav! 


DICK 
Dry. 
Fac 


Fac 
cr 
FRA: 
tri 
GOR 
How 
JARI 
(n 
Lia? 
R 
Mak 
Mo» 
fo 
Ria 


SEA 


Wo 





tinized 
of the 
all the 
» other 


tiniza- 
1e hair 
ce also 


hanges | 


ad, in 
llicles, 
of the 
JI was 
‘ion in 
of the 
e bulb 
4 days 
ull and 


in the 


is des- 


desig- 


rissae 
ormal 
- hairs 
airs in 
within 


‘le did 
tively 
in the 
id the 


ad of 


in the 
of the 


‘Bare’, a new hairless mutant in the mouse 289 


We take this opportunity of expressing our thanks to Dr V. R. Khanolkar, Director, 
Indian Cancer Research Centre, for his keen interest in this investigation. Grateful thanks 
are due to Dr J. A. Kerr, former Director, Virus Research Centre, Poona, for having drawn 
our attention to this mutant. Helpful suggestions given by Dr C. G. S. Iyer and Dr P. N. 
Shah in this study are greatly appreciated. 


REFERENCES 


Carter, T. C. & Pures, R. J. 8. (1954). Ragged, a semidominant coat texture mutant in 
the house mouse. J. Hered. 45, 151. 

Cuask, H. B. (1954). Growth of the hair. Physiol. Rev. 34, 113. 

Davin, L. T. (1931). Hairless mammals. Comparative histologic studies, preliminary report. 
Arch. Derm. Syph., N.Y., 24, 196. 

Dickie, M. M. (1955). Alopecia, a dominant mutation in the house mouse. J. Hered. 46, 31. 

Dry, F. W. (1926). The coat of the mouse (Mus musculus). J. Genet. 16, 287. 

Fatconer, D. S. (1953). Total sex linkage in the house mouse. Z. indukt. Abstamm.- u. 
VererbLehre, 85, 210. 

Fatconer, D. S., Fraser, A. 8S. & Kine, J. W. (1951). The genetics and development of 
crinkled, a new mutant in the house mouse. J. Genet. 50, 324. 

Fraser, F. C. (1946). The expression and interaction of hereditary factors producing hypo- 
trichosis in the mouse; histology and experimental results. Canad. J. Res. 24D, 10. 

GorpDoN (1850). Cited by David (1931). 

Howarp, A. (1940). ‘Rhino’, an allele of hairless in the house mouse. J. Hered. 31, 467. 

JARRETT, A. & SPEARMAN, R. I. (1957). Keratin defect and hair cycle of a new mutant 
(matted) in the house mouse. J. Embryol. exp. Morph. 5 (1), 103. 

Liana, H. M. (1948). Localised changes in methylcholanthrene treated epidermis. Cancer 
Res. 8, 211. 

Makino, S. (1950). A hairless mutation in Asiatic tame mice. J. Hered. 41, 257. 

Montaana, W., Cuase, H. B. & MELAaracGno, H. P. (1952). The skin of hairless mice. I. The 
formation of cysts and the distribution of lipids. J. invest. Derm. 19, 83. 

Riepon, R. H. & PackcHANIAN, A. A. (1957). Histologic study of the skins of hairless 
American deer mice (Peromyscus maniculatus gambeli). A.M.A. Arch. Path. 64, 210. 

SEARLE, A. G. & SPEARMAN, R. J. (1957). ‘Matted’—A new hair mutant in the house mouse. 
Genetics and morphology. J. Embryol. exp. Morph. 5 (1), 93. 

Wo tsacg, S. B. (1951). The hair cycle of the mouse and its importance in the study of 
sequences of experimental carcinogenesis. Ann. N.Y. Acad. Sci. 53, 517. 











Genet. Res., Camb. (1961), 2, pp. 290-295 
Printed in Great Britain 


‘ Dappled ’, a new allele at the Mottled locus in the house mouse 


By RITA J. 8. PHILLIPS 


Medical Research Council Radiobiological Research Unit, 
Harwell, Berkshire, England 


(Received 23 January 1961) | 


INTRODUCTION 

There have been five reported occurrences of sex-linked mutants in the mouse that 
produce a variegated appearance of the coat in heterozygous females: Mottled 
and Brindled (Fraser, Sobey & Spicer, 1953), Tortoiseshell (Dickie, 1954), 26K 
(Welshons & Russell, 1959), and a fifth recently described by Lyon (1959). All 
except Brindled are lethal before birth in hemizygous males, and therefore the 
usual breeding tests for genetic identity or allelism cannot be carried out. On the 
grounds of linkage relationships and phenotypic resemblances, however, it seems 
probable that 26K and Lyon’s mutant are recurrences of Mottled Mo (Lyon, 1960; 
Welshons & Russell, 1959) and that Brindled is a different allele at the same locus 
Mo” (Falconer, quoted by Lyon, 1959). The status of T’ortoiseshell is more doubtful. 
It resembles Mottled closely, the main difference in their descriptions being that 
Tortoiseshell is said to have a silky coat, whereas no such effect has been reported 
for Mottled. However, no direct comparison appears to have been made, and its 
linkage relationships have not been reported. 

This paper describes a sixth sex-linked gene producing a variegated coat in 
heterozygous females. It is concluded from the data presented below that the 
hemizygous males die shortly before birth and that the new mutant is therefore 
different from Mottled and Brindled, though is probably at the same locus: it has 
been called Dappled, symbol Mo”. 


ORIGIN 
The mutation first appeared in an F, male from the low-dosage y-irradiation } 
experiment described by Carter, Lyon & Phillips (1958); the parents of this animal 
produced one Dappled male out of 64 classified offspring. On outcrossing to un- 
related females, he sired 10 Dappled females, phenotypically similar to himself, 
278 normal females and 290 normal males. The 10 Dappled females were all sired 
in the first 4 weeks of a total breeding life of 46 weeks (Table 1). 


GENETICS 
Single factor segregations (Table 2) indicated that Dappled was a sex-linked 
semi-dominant gene, lethal in the hemizygous male, but could not exclude the 
possibility of the phenomenon of sex limitation. Linkage tests were set up to 
confirm that Dappled was sex-linked and to find its position on the sex chromo- | 
some. Falconer (1953) found that Mottled, which Dappled closely resembles 
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Table 1. Breeding performance of original Dappled male 














Litters in Age of male Females Males 
chronological (in days) when pe pt 
order litter born Dappled Normal Dappled Normal 
1 67 2 0 0 5 
2 73 4 1 0 3 
3 84 2 2 0 3 
4 95 2 2 0 6 
5-83 110-388 0 273 0 275 
Total 10 278 0 290/578 
Table 2. Single factor segregations from Dappled daughters of 
original male crossed to unrelated males 
Phenotypes of offspring at weaning 
Sex of offspring ‘ = =a _ 
at birth Females Males 
so < _ “es ~ ——— ay 
Females Males Dappled Normal Dappled Normal Total 
119 62 38 56 0 55 149 


phenotypically, gave a recombination frequency of 4-1°% (5° fiducial limits: 1-7 
and 8-4) with Tabby and (Falconer, 1954) that the order of genes on the sex chromo- 
some was Bent-tail-Tabby—Mottled: therefore Dappled was tested against both 
Tabby and Bent-tail. Two-point tests between Tabby and Dappled indicated that 
they also lay about 4 units apart (Table 3). Similar crosses made between Bent- 
tail and Dappled showed a recombination value of about 29° (Table 4), but the 


Table 3. Linkage data between Dappled and Tabby 








Recombination 
Phenotype of female offspring and standard 
Genotype ————— error 
of parents Mo”Ta Mo*®+ +4+Ta ++ OC* RC* (% 
Mo” +/+TaQx +Ta/-—3 15 331 367 16 698 31 
Mo”Ta/++ 2x +Ta/- 3 6 3 2 10 16 5 


714 36 =6§4:80+ 0-58 


* OC, RC = old combinants; recombinants. 


Table 4. Linkage data between Dappled and Bent-tail 





Phenotype of female offspring Recombination 
Genotype of — ————— and standard 
parents Mo”Bn Mo”?+ +Bn ++ OC* RC* error (%) 
Mo” +/+Bn2x ++/-¢3 9 154 93 83 247 92 
Mo*Bn/+4+9x++/-3 — 13 3 14 14 16 


261 108 29-272 + 2-32 


* OC, RC = old combinants; recombinants. 
T* 
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disturbed ratio of Bent-tail to normal (due presumably to normal overlapping of 
the Bent-tail phenotype in females) makes these data suspect. However, as the 
recombination between Tabby and Bent-tail is approximately 15° (Phillips, 1954), 
it seemed probable that the order of genes was Bent-tail-Tabby—Dappled. This 
order was confirmed by three-point tests in which Mo” + +/+TaBn females 
were crossed to J’abby males (Table 5); the putative double-crossover class of 


Table 5. Three-point linkage data between Dappled, Tabby and Bent-tail 


Phenotype of male offspring * 


+ Mo 


Genotype of parents TaBn Ta+ +Bn +4 Mo” 
Mo” ++4+/+TaBnQ2x +Ta+/-3 51 29 — 8 Lethal before birth— 


not classified 


* Data from female offspring not given, upset in Bn/+ ratio makes it impossible to be sure 
of the exact number of Mo” and Ta crossovers. 


Bent-tail non-Tabby males was completely absent. (The data from male offspring 
only were used as Falconer (1954) found no evidence of normal overlapping in the 
hemizygous Bent-tail animals.) It seemed probable, therefore, that Dappled and 
Mottled were allelic. 

Direct tests of Dappled with Mottled are not possible as both are lethal in hemi- 
zygous males, but further evidence in favour of allelism was obtained by crosses 
between three Dappled females and a viable Brindled (Mo”) male, kindly sent by 
Dr D. 8. Falconer. These yielded 22 classifiable offspring: 14 males, all normal, 
and 17 females. Of the females, 11 resembled normal heterozygous Dappled 
females, and 6, all of which died before weaning age, resembled hemizygous 
Brindled males as described by Falconer (1953); they presumably carried both 
Dappled and Brindled. The strong interaction, together with the phenotypic 
resemblance, and position on the chromosome, suggests that Dappled is another 
allele at the Mottled locus. 


HETEROZYGOUS FEMALES 

Most Dappled females are identifiable at birth by a curling of the vibrissae, but 
the degree of curling varies considerably, some having nearly straight whiskers. 
The adult coat has a variegated pattern similar to that of Brindled, Mottled and 
Tortoiseshell females. The coat is straight, though the whiskers remain slightly 
curled. 

Some Dappled females show clubbing of one or both fore feet at birth, or, at 
weaning, have a tendency to walk on the dorsal surface of the hind feet; the pre- 
sence of abnormal feet is associated with a greater degree of curling of the vibrissae 
(Table 6: P = 0-0014 by Fisher’s exact test). The amount of curling of the whiskers 
is also correlated with the degree of lightness of the coat at weaning (Table 7: 
r= —0-519; P< 0-001); the greater the curling, the lighter the coat. 
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Table 6. The association of curling of whiskers with foot abnormalities 


Description of whiskers at birth 





cr —— SS essed 


a ia 
Very curly to Slightly curly to 
Description of feet curly straight Totals 
Fore feet clubbed at birth 5 
a , 14 0 

Hind feet twisted at weaning | on 
Normal 28 21 49 
Totals 42 21 63 


Table 7. The association of curling of whiskers with coat colour 





Description of Description of whiskers at birth 
coat colour at - ———______— A> ______—. oe 
weaning Very curly Curly Slightly curly Bent Straight 
Very, very dark - — 2 os — 
Very dark - — ] — - 
Dark - --- 3 2 — 
Darkish l 2 3 —- — 
Medium dark 2 - 5 — l 
Medium 2 11 2 — — 
Medium light 5 7 2 — — 
Lightish 2 4 — — — 
Light 1 5 — —— — 
Assigning arbitrary scores as follows: 
y (curliness of whiskers): — 2 (very curly) to + 2 (straight) 
x (colour of coat): —4 (very, very dark) to +4 (light), 


then, = —0-519, P < 0-001. 


There is no significant correlation between the colour of the mother’s coat and 
that of the offspring (P > 0-1), and attempts to select for lighter or darker strains 
have met with no success. 

Another condition which is found in some Dappleds is the development, with 
age, of calcified lumps in the region of the periosteum especially on the vertebral 
column, the thoracic and lumber regions of which are particularly affected. 
Whether these bodies are outgrowths from the bone is not yet known. None has 
been found in cleared in toto preparations of mice under 8 weeks old. This pheno- 
menon was also reported by Lyon (1960) as occurring in her mutant. 


HEMIZYGOUS MALES 


A study of the offspring of the Dappled daughters of the original Dappled male 
showed that there were about half as many males as females at birth (Table 2), 
suggesting that hemizygous males died before birth, as had been found for Mottled 
(Falconer, 1953). To study this matter further, heterozygous females and their 
normal sibs were mated to unrelated males, killed 14 to 18 days after a vaginal 
plug had been observed and their embryos classified. The data are given in Table 8. 
As there is no significant difference between the two series in the proportion of 
death prior to 15 days’ gestation (Table 9: x7 = 0-02), it was assumed that Dappled 
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Table 8. Classification of embryos from (I) Dappled 99, 
(II) their normal sisters 


Classification of embryos* 





Age of Number Females Males Unsexed Other implants Numbers 
embryos of uteri -——, -——“ —T dead prior to Total no. of corpora 


(in days) classified N A N 
(I) 


A N A Moles 15 days implants lutea 














14 15 —- — — — 103 — 10 5 118 135-6 

15 12 - 62 14 8 4 88 101 

16 3 —- - 13 7 — — 20 28-9 
16} to 18 16 65 0 22 187? — — 8 6 125'2) 141-6 
(II) 

14 10 —- — — —~) 8s} 9 0 7 95 110-13 

15 7 53 0 5 3 61 74 

16 3 20 0 2 1 23 33 
16} to 18 9 48” 0 27 0 — 3 8 81 86-9 


* N = Normal ribs. A = Abnormal ribs. 

(1) Including 1 with doubtful sex classification. 

(2) Including 6 embryos which died later than 15 days, but whose ribs were not classifiable. 
(3) Including 1 with blood clot at base of spine. 

(4) Including 1 small embryo, sex doubtful. 

(5) Includes 21 animals with ribs difficult to see. 


Table 9. A comparison of data on deaths prior to 15 days’ gestation 
(from table 8) 


Classification of implants 


Genotype of Not dead 


Other deaths Preimplantation 
mother prior to 15 days Moles prior to 15 days loss * 
Mo®” + 310 26 15 61 
+ + 231 19 10 49 


* Figure obtained by subtracting ‘Total implants’ from ‘Corpora lutea’. 


males survived past this stage. Amongst embryos of 15 days or more some were 
found with ribs which were very white, thickened and bent. Most of these ab- 
normal embryos were dead or dying at 17-18 days of gestation: death at this stage 
is most unusual in the mouse, where embryonic death usually occurs prior to the 
15-day stage. These abnormal embryos are assumed to be the hemizygous males 
but were not as frequent as expected on a three-to-one basis: a study of the 17-18 
day data, in which the embryos were sexed, showed that half the males and none 
of the females were affected (Table 8), so the shortage of abnormal embryos is 
presumably due not to the Dappled gene but to the upset ratio observed in both 
series. Males with abnormal ribs have occasionally been found at birth, but all 
were dead when found and they appeared to have died at about the time of birth. 
The cause of death is unknown. A preliminary study of stained and cleared 
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in toto preparations of presumed hemizygous males has shown that there is dis- 
tortion of the pectoral and pelvic girdles and the limb bones as well as of the ribs: 
a full investigation of the skeletal abnormalities has not yet been completed. 

As Dappled has proved to be lethal in the hemizygous condition, the original 
male, the phenotype of which resembled that of a heterozygous female, pre- 
sumably carried a sectorial mutation, the coat and part of the testes at least being 
affected. Only a small proportion of the testes were mutant unless there was heavy 
selection against the mutant gametes. The data (Table 1) on the breeding per- 
formance of the male also indicate the possibility of there being a time sequence 
in the use of the tubules of the testis such as is found in insects. It is surprising 
that the coat of this animal should be similar to that of a heterozygous female 
rather than a Brindled male, the only known hemizygote in this allelic series. 


SUMMARY 


Dappled, a new completely sex-linked semi-dominant lethal mutation, is 
described. It is probably a new allele at the Mottled locus and has been given the 
symbol Mo’. 

Heterozygous adult females have a variegated coat very similar to that of 
Brindled and Mottled females; they have curly vibrissae at birth and some also 
have clubbed feet. All the characteristics are variable. 

Hemizygous males die at about 17 days’ gestation; they show a characteristic 
bending and thickening of the ribs and other skeletal defects. The cause of death 
is unknown. 


I am grateful to Mrs M. L. Miller, who found the first Dappled mouse, and to Mrs H. G. 
Smith for technical assistance. I am also indebted to Dr D. 8S. Falconer for the gift of a 
viable Brindled male. 
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INTRODUCTION 


The most efficient technique now available for the study of mutation rates in the 
mouse, Mus musculus L., is the ‘specific-locus method’ of looking for mutations 
to recessive alleles at a small number of specified loci. This method has been very 
valuable for comparing the mutagenic effects of different radiation doses (Russell, 
Russell & Kelly, 1958; Russell, Russell & Cupp, 1959), and the sensitivities of 
various germ-cell types and stages (Carter, 1958; Carter, Lyon & Phillips, 1960; 
Russell, Bangham & Gower, 1958), but it has the inherent limitation of giving no 
information about mutation at mouse loci in general. The experiment described 
in the present paper was devised to supplement the specific-locus work by measur- 
ing the mutation rates of whole classes of genes, using a radiation dose and a mouse 
stock for which much specific-locus information was already available. It was thus 
intended to form a bridge between the specific-locus work and work on the more | 
general genetic effects of radiation on fitness, quantitative characters and so on. 

Previously an attempt had been made to measure the mutation rate to recessive | 
lethal genes linked to known visible genes, in the hope that this would prove a | 
useful technique for studying mutation to recessive lethals (Carter, 1959). This | 
experiment gave unexpectedly negative results, however, suggesting that the 
effective number of loci mutating to recessive lethals might be rather low. Ac- 
cordingly, the present experiment was designed to obtain as much information as 
possible from the animals to be used, including any incidental results concerning 
dominant mutations. In all, it was hoped to obtain information about dominant 
visibles, lethals and semisteriles and about recessive visibles and lethals. 

The method was basically the ‘backcross method’ of detecting recessive muta- 
tions. Treated animals (P, generation) are mated to unrelated normal animals, 
giving an F, generation expected to exhibit dominant mutations induced in the 
parent and to carry recessive ones heterozygously. F, males are then outcrossed 
to unrelated normal animals and their daughters backcrossed to them. One-half | 
of the daughters will carry the recessive mutants present in their sires, so that these 
mutants will segregate in the backcross generation. Recessive visible mutants are 
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detected by inspection of liveborn young; recessive lethals, in the present experi- 
ment, were detected by comparisons of litter-sizes and of numbers of live and dead 
embryos in the uteri of females dissected when pregnant. A detailed plan of the 
experiment follows (Fig. 1). 


P; generation 







Young observed for 


F) generation dominant visibles and lethals 


Outcross generation Fertility test of male 


Young observed for 


Backcross generation recessive visibles and lethals 


Fig. 1. Plan of the breeding scheme used in the experiment. 


METHODS 


(i) Irradiation 


The P, animals irradiated were crossbred males from the line cross C3H/HeH x 
101/H. Twenty-eight of these males were given 600 r X-rays (250 Kvp, 14 ma, 
HVL 1-2 mm AI; 67-6 r/min.) to the whole body when 8 weeks old. This stock and 
radiation dose were chosen since Russell, Russell & Kelly had bred many thousands 
of mice in specific-locus experiments using a similar stock and dose. For each 
irradiated male a litter-brother was kept as a control. 


(ii) Breeding 

A previous experiment had shown that male mice irradiated in this way re- 
covered their fertility 13 weeks after irradiation. Therefore in this experiment 
males were mated 6 weeks later than this, i.e. 19 weeks after irradiation. The 
twenty-eight pairs of irradiated and control P, males were mated to pairs of litter- 
sisters from the same type of cross, one brother of each pair to one sister of each 
pair. Each female was allowed to produce four liveborn litters, which were ob- 
served for dominant visible mutations. To detect dominant lethal mutations she 
was killed in her fifth pregnancy at about 14 days’ gestation and dissected. The 
numbers of corpora lutea in her ovaries, and of live and dead embryos in her 
uterus were counted. 
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From the liveborn litters fifty-six pairs of sons (F, generation) were kept, each 
son from an irradiated male being paired with a son from the corresponding control 
male. To detect any complete or partial reduction of fertility of these F, males 
they were mated to three cross-bred females each; the females were dissected 
when 14 days pregnant and their embryos and corpora lutea counted. Any F, 
male found to be partially or wholly sterile was then discarded, together with his pair. 

After the fertility test the pairs of F, males were mated to pairs of litter-sisters 
of strain 101/H, to provide daughters for the backcross matings. These females 
were allowed to produce four liveborn litters and were dissected when again 
pregnant (thus providing a further check on male fertility). 

In order to detect the action of recessive lethal genes three daughters of each 
F, male were backcrossed to their sire and dissected when pregnant. Two other 
daughters were backcrossed and allowed to raise seven litters each, which were 
examined for recessive visible mutants and for litter-size at birth and weaning. 

Statistical tests on the results were made by paired comparisons, taking each 
male from the irradiated series and his corresponding control as a pair. Hence, 
when it was necessary to discard any male who had failed to complete his schedule, 
his opposite number in the other series was also discarded. 

Throughout all the breeding procedures the individuals of each pair of P, and F, 
males were known by code letters which gave no indication which of the pair was 
from the irradiated series and which the control. This was in order to avoid any 
unconscious bias by those handling them. 


RESULTS 
1. Results of matings of the irradiated and control males 
(a) Dominant visibles 
No dominant visible mutations were observed among 854 weaned offspring of 
control males and 838 offspring of irradiated males. This is in accord with previous 


results; Russell (1951) after giving 600 r X-rays to male mice found only 5 domi- 
nant visible mutations in 30,000 offspring. 


(b) Dominant lethals 


Table 1 shows, for those pairs of P, males which completed the schedule, the 
numbers of liveborn young in four litters, and the results of dissecting the females 
during their fifth pregnancy. Eight of the original twenty-eight pairs of P, males 
were discarded, in five cases because one or both P, females developed a tumour 
and in the other three cases because one or both P, males were sterile. 

There were no significant differences between the series, whether in numbers of 
implants, of live foetuses or of liveborn young. Thus any dominant lethals present 
in the gametes of the irradiated P, males were too few to be detected on the scale 
of the present experiment. The observed difference in number of live foetuses per 
female was 0-30+0-52, which corresponds to an incidence of 3-2°{ dominant 
lethals, with an upper fiducial limit of 14-3°%%. Similarly, the observed difference 
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in number of liveborn young corresponds to an incidence of 2-7 % dominant lethals, 
and an upper fiducial limit of 8-8 °%. 


Table 1. The results of a search for dominant lethals in 
the germ-cells of the irradiated males 


Mean difference 


Control Irradiated and S.E. t to 

No. of males 20 20 

Liveborn young 731 711 +1-:00+1-11 0-91 > 0:3 

(4 litters per male) 

Dissections in fifth pregnancy 

Corpora lutea 216 220 — 0-20+ 0-50 — 0-40 > 06 
Implants 209 211 —0:10+0-43 — 0-23 > 0:8 
Live embryos 187 181 + 0:30 + 0-52 + 0-58 > 0-5 
Moles and dead embryos 22 30 — 0-40 + 0-37 — 1:07 > 0-2 


No significant differences between control and irradiated series in any character. 


This again is in line with previous results. Various workers have reported that, 
though many dominant lethals are detectable among offspring sired in the first 
few weeks after irradiation, very few, if any, are found among offspring sired after 
the sterile period. Russell (1954) found a 3% decrease in litter-size at weaning 
in the post-sterile period after giving 600 r to males; the present data are consistent 
with such an effect but too few to measure it. 


2. Fertility tests of F, males 

Fifty-six F, males were tested in each series. One control male was fully sterile; 
no male in either series proved to be semisterile according to the criteria used by 
Carter, Lyon & Phillips (1955) for translocation heterozygotes. 

In addition Table 2 shows that there were no detectable differences between the 
irradiated and control series in number of implants per uterus, nor in the number 
of implants having live embryos, i.e. there was no evidence of the induction of 
mutations to dominant genes reducing male fertility. 

After these fertility tests the F, males were mated to females of strain 101/H 
which were allowed to produce four liveborn litters each. There was no significant 
difference between the series in litter-size at birth, and thus again no evidence of 
dominant reduction of fertility. 


Table 2. Results of fertility tests of F, males 


Mean difference 


Control Irradiated and s.E. t r 
No. of females opened 140 140 
Corpora lutea 1381 1376 + 0-036 + 0-268 +0-133 > 0-89 
Implants 1138 1131 + 0-050 + 0-270 +0-185 > 0-85 
Live embryos 1019 1003 +0-114+ 0-279 + 0-409 > 0-68 
Moles and dead embryos 119 128 —0-064+ 0-121 — 0-534 > 0-59 


No significant differences between the series in any character. 
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3. Backcross matings of the F, males 


(a) Recessive visibles 

The liveborn backcross young were examined at weaning age for the segregation 
of recessive mutant genes with a visible effect. None was found in either series. 

In order to attempt to set an upper fiducial limit to the mutation rate Falconer’s 
(1949) method was used to estimate the equivalent number of fully tested gametes. 
This method takes into account the fact that, in an experiment of this type, the 
probability of detecting a recessive mutant carried by an animal under test will 
always be less than unity. This is because each animal can only be tested by a 
small number of daughters, and a limited number of young from each daughter. 
The efficiency of test, or probability of detecting a mutant if present, is found for 
each F, male, and the equivalent number of fully tested gametes is obtained by 
summing the efficiencies of test of all the males. 

Table 3 shows that in the control series of the present experiment the equivalent 
number of fully tested gametes was 34-2 and in the irradiated series 34-0. Taking 


Table 3. Equivalent numbers of gametes tested for recessive visible genes 





Control Irradiated 
’ ae A — = ee ~ 
Equiv. Equiv. 
No. gametes No. gametes 
Males with young reared by two daughters +4 32-6 45 33-5 
Males with young reared by one daughter + 1-6 1 0-5 
Males with no young reared 8 0 10 0 
Total 56 34-2 56 34-0 


the upper fiducial limit of the observed number of mutations as 3-69 at the 5°, 
probability level (Fisher & Yates, 1953, Table VIII 7) gives an upper limit to the 
mutation rate in the irradiated series of 3-69/34-0 or 0-1085. Since the radiation 
dose was 600 r this is equivalent to an upper limit of 0-000181 recessive visibles 
per haploid set per roentgen. 


(b) Recessive lethals 


In order to detect the action of possible recessive lethals at various stages of 
embryonic and foetal life of the mouse it is necessary to study separately the rates 
of embryonic loss at these various stages. Table 4 shows the results obtained from 
the dissections of pregnant females and observations of litter-size at birth. Al- 
though females were allowed to produce up to seven litters, only first litters are 
included in this table. This is to make the observations on liveborn litters com- 
parable with those on the dissections, which were all first pregnancies. 

The number of implantations per uterus in dissected females was lower in the 
irradiated series than in the controls, and the difference was statistically signifi- 
cant. This suggests the induction in the irradiated series of recessive lethal genes 
causing death of embryos before implantation. However, there was also an 
(unexpected) significant difference in number of corpora lutea which could account 
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Table 4. Results of backcross matings ; dissections and liveborn first litters 


Mean difference 


Control Irradiated and S.E. t Dig 
No. of females dissected 132 132 
Corpora lutea 1423 1321 + 0-773 + 0-335 2-309 < 0-03 
Implantations 1152 1076 + 0-576 + 0-199 2-895 < 0-01 
Live implants 1039 995 + 0:333 + 0-225 1-483 > 0-1 
Moles 96 58 + 0-288+ 0-116 2-491 < 0:02 
Dead and malformed 17 23 — 0-045 — — 
No. of first litters 84 84 
No. liveborn young 600 635 — 0-416+ 0-290 1-439 > 01 


entirely for the difference in number of implants, the percentage implantation in 
the two series being almost exactly equal. Thus there is no evidence for the induc- 
tion of lethals acting before implantation, and lethals acting later must be detected 
by an increase in the difference between series already present at implantation. 
However, when the numbers of embryos alive at 14} days are compared the 
difference between irradiated and controls is smaller, and not statistically signifi- 
cant. Moreover, in number of young alive at birth in first litters the irradiated 
series did better than the controls, although again the difference is not statistically 
significant. 

This reversal of the difference between irradiated and control series as develop- 
ment proceeded suggested that compensation was occurring. It seemed possible 
that where there were more implants in a uterus there might be more foetal death, 
and where more foetuses were born there might be more neonatal death. If this 
were so, it might be possible to detect such compensation within as well as between 
series. A test within the control series (Table 5) showed that the proportion of 
moles and dead embryos increased as the total numbers of implants per uterus 


Table 5. Relation of proportion of dead implants to number of 
implantations per uterus in the control series 


No. of No. of Moles and Live % 

implantations uteri dead embryos embryos dead 

3 1 0 3) 

4 1 0 4 >} 0 

5 2 0 10 | 

6 11 3 63 4:5 

7 16 6 106 5-4 

8 24 16 176 8:3 

9 29 28 233 10- 

10 30 19 281 6:3 

11 14 31 123 20-1 

12 3 5 SiC) 

13 — — — > 20-0 

14 1 5 9 | 

Xe) = 19-76. P <0-001. 


x? was calculated by a method due to Holt (1948): Let n,, n, be the total numbers of live 
embryos and of moles and dead embryos, and let a be the number of implantations. 


Then - (ngS(a,) —n,S(a,) )? 
x nyn, S(a— a)? 
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increased. Thus, since the mean number of implants per uterus was higher in the 


control series, this effect might be sufficient to account for its higher amount of 
embryonic loss. 


Table 6. Numbers of liveborn offspring of backcross matings 








No. of litters No. liveborn Liveborn per litter 
Litter a \_—, co —, Vania 
order Cc I C I Cc I 
1 92 91 641 672 6-97 7°38 
2 85 86 589 624 6-93 7-26 
3 77 78 523 521 6-79 6-68 
4 67 74 449 496 6-70 6-70 
5 64 67 405 410 6-33 6-12 
6 56 60 309 353 5-52 5-88 
7 50 56 269 297 5-38 5-30 
Totals 491 512 3185 3373 6-487 6-588 


I/C = 1-0156 
C = Control; I = Irradiated. 


Unfortunately, the amount of compensation occurring cannot be measured and 
there is no means of knowing whether or to what extent recessive lethal genes were 
also acting. Thus no estimate of the mutation rate to recessive lethals can be made 
from these data. However, although one cannot hope to measure a mutation rate, 
it is still of interest to compare the numbers of progeny in the control and irradiated 
series, to obtain a general idea of the overall effect of the irradiation on fertility. 
Tables 6 and 7 give more information about the numbers of liveborn and weaned 
young in the backcross matings. The data are remarkable for the absence of effect 
of the radiation. It has already been noted that in first litters the number of 
liveborn young was slightly higher in the irradiated series than in the controls. This 
held true even when the whole seven litters were considered, though the difference 
was small, whereas in number of young weaned, and percentage weaned of young 
born, the irradiated series was slightly worse than the control. In no cases were 
the differences statistically significant. 


Table 7. Numbers of weaned offspring of backcross matings 








No. of litters No. weaned Weaned per litter 
Litter — A ———, SS 
order Cc I C I Cc I 
1 92 91 588 557 6-39 6-12 
2 85 86 557 573 6-55 6-66 
3 77 78 498 489 6-47 6-27 
+ 67 74 409 480 6-10 6-49 
5 64 67 388 384 6-47 5-73 
6 56 60 289 333 5-16 5°55 
7 50 56 236 281 4-72 5-02 
Totals 491 512 2965 3097 6-076 6-061 
T/C = 0-9975 


% weaned 
Control 93-09 + 0-45 
Irradiated 91-82+0-47 
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n the DISCUSSION 
int of The main interest of these results lies in the relative absence of effect of the 
radiation. 
The experiment was designed primarily to measure overall mutation rates to 
recessive visible and recessive lethal genes in the mouse, but no recessive visible 


litter mutations were observed and the action of recessive lethals could not be detected. 
-_ However, evidence from other experiments indicates that mutations to both these 
7-38 | classes are in fact induced by radiation in the mouse. In Russell, Russell & Kelly’s 
a (1958) specific-locus experiments at the same radiation dose the average mutation 
6-70 rate per locus was 20x 10-8/r. Of these mutants some 20° were viable when 
6-12 homozygous (Russell & Russell, 1959) and could have been detected as recessive 
5-88 visibles in the present experiment; the remainder could have been detected as 
poor recessive lethals. The estimated upper limit to the mutation rate to recessive 
: ‘588 | visibles in the present experiment was 18-1 x 10-5/r; this is 900 times the specific 


locus rate, or 4500 times the rate to viable alleles only. It is hoped that a larger- 
scale experiment, now in progress, will give an actual measure of the mutation 
l and rate to recessive visibles. 


were From the attempt to measure recessive lethals two main points emerged. The 
nade | first was the significant difference in corpus luteum count between the females of 
rate, the control and irradiated series. This suggests some general deleterious genetic 
lated effect of the radiation, dominant in effect (since the females were the progeny of an 
ility. outcross), and probably polygenic. The second interesting fact was that this 
aned difference in number of corpora lutea was not reflected in any difference in litter- 
ffect size at birth or weaning, and that, in general, the radiation appeared to have had 
er of little effect on these characters. Apparently, in any female, embryonic mortality 
This | was inversely related to the number of embryos present and this tended to com- 
ence pensate for differences in numbers of corpora lutea and implantations. Somewhat 
oung similar effects were found by Bowman & Roberts (1958), who reported that in 
were any uterine horn of the mouse the loss of ova between shedding and implant- 


ation increased as the number of eggs shed by the corresponding ovary increased. 
Edwards & Fowler (1959) and McLaren & Michie (1959), both studying females in 
which the number of eggs shed had been artificially increased by superovulation, 
litter found that death in the middle and later periods of pregnancy increased when the 
number of implants in a uterine horn rose, and that the number of young born alive 


| 


iA ; was inversely related to the number of implants. Neither of these findings is 
3-66 exactly comparable with that in the control series of the present experiment, 
527 which was that the proportion of moles and dead embryos increased with the 
5-49 number of implants. However, since it is well known that the amount of embryonic 
ots loss in mice varies greatly both from stock to stock and through environmental 
5-02 causes, it seems scarcely surprising that compensation, if it occurs, should be 
3-061 detectable at different stages in different stocks. 


) 


) It is possible that some of the embryonic loss in the present experiment was 
attributable to inbreeding depression. Roberts (1960) and Bowman and Falconer 
(1960) found that, on the average, litter-size at birth decreased by about 0-5 mice 
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for each 10°, increase in the inbreeding coefficient. The reduction was due to 
reduced implantation rather than to a decreased ovulation rate (Falconer & 
Roberts, 1960). The animals of the backcross generation of the present experi- 
ment were quite highly inbred; the inbreeding coefficient for the mothers was 
50°, and for the young 62-5°,. Therefore, the inbreeding could have caused a 
reduction in litter-size of as much as 3-0 mice per litter. This is potentially large 
in comparison with the effect of the radiation given, since the induction of one 
recessive lethal per sperm in the irradiated series would only reduce the litter-size 
to seven-eighths of the control value. The inbreeding of course acts equally on 
irradiated and control series, and should therefore not affect the detection of 
induced lethals, provided that deaths due to the two causes occur independently. 
If there is compensation, however, the inbreeding effect is potentially more than 
large enough to mask the radiation effect. In the new experiment mentioned 
above inbreeding is being kept toa minimum. Liining (1960) is conducting a some- 
what similar experiment within an inbred line, CBA. He has found no statistically 
significant deleterious effect of radiation so far, in the first generation of an 
experiment that is to cover several generations. 

Thus there are two main points brought out by the present experiment. The 
first is that theoretical extrapolations from results of experiments involving a few 
gene loci to the effect on the genome as a whole are not justified. Although it is 
known that 600 r X-rays delivered to a male mouse induces recessive lethal muta- 
tions, the effect in this experiment was that the litter-size in the irradiated series 
was no lower than in the control group. The second point concerns the danger in 
arguing from one species to another. The absence of effect here may have been due, 
at least in part, to intra-uterine compensation. In a monotocous species such 
compensation could not occur, and the results might be very different. 


SUMMARY 


The experiment was designed to form a bridge between the results of specific- 
locus experiments, using only a few gene loci, and those using the whole genome of 
the mouse. Male mice were given 600 r acute X-rays and bred from in such a way 
that at successive stages mutation in spermatogonia to dominant visibles and 
lethals, dominant semisteriles, recessive visibles and recessive lethals could be 
measured. The data concerning dominant mutations were relatively few but 
confirmed previous results. No recessive visible mutations were found, and the 
upper fiducial limit to the induced mutation rate to recessive visibles was set at a 
value 4500 times the rate to viable specific-locus mutations. From the attempt to 
measure recessive lethal mutations two interesting points emerged. The first was 
that granddaughters of the irradiated males had fewer corpora lutea per pregnancy 
than granddaughters of the control males, and the second was that this difference 
in number of ova shed was not reflected in any difference in litter-size at birth. 
Since this suggests intra-uterine compensation, no attempt was made to calculate 
mutation rates to recessive lethal genes from these data. The implications of the 
results are discussed. 
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In independent investigations, reported almost simultaneously (Cohen, 1960; Shreffler, 
1960), the authors have described a protein variant system in the serum of mice, involving 
an electrophoretic difference in the iron-binding beta-globulin component, transferrin, 
and have shown the difference to be genetically determined by a pair of co-dominant 
alleles at a single locus. Both reports introduced the same gene symbol, 7T'rf, for this locus, 
but in one, letter designations were used (Cohen, 1960), making the allele symbols Trf+ 
and 7rf®, and the three phenotypes TrfA, TrfAB and TrfB, while in the other, number 
designations were used (Shreffler, 1960), with the corresponding symbols Trf!, Trf?, 
Trf-1, Trf-1-2 and Trf-2. To avoid confusion in future reference to this locus, due to the 
two differing systems of nomenclature, the authors have agreed upon the revised 
1omenclature proposed in this communication. 

Well-established precedents for both letter and number systems in designating haemo- 
globin and serum protein phenotypes and the alleles controlling them may be found in 
work with thisand otherspecies. Inthe only pertinent protein variant system in the mouse, 
the haemoglobin system, number designations have been used (Russell & Gerald, 1958). 
With all of the well-studied transferrin variant systems in other species, letter designations 
have been used (for references, see Cohen, 1960; Shreffler, 1960). In order to be consistent 
with the established nomenclature for transferrin polymorphisms in other species, and 
with a view to simplifying the possible addition of new alleles, we have decided to use letter 
designations for the mouse transferrin variants. 

Furthermore, because of the nature of the system; the lack of any criterion more com- 
pelling than frequency among inbred lines for assigning a type allele; and the possibility 
of additional alleles, it seems advisable to base the nomenclature upon the rules for multiple 
allelic systems in the mouse. These rules, recently set forth by the Committee on Standard- 
ized Genetic Nomenclature for Mice (1959), state that, “To differentiate members of an 
allelic series letters, numbers, or letters and numbers may be used as superscripts. Where 
letters are used they should be lower case and placed before the numbers.’ Therefore the 
revised allelic designations that we now propose for the transferrin locus have lower-case 
superscripts, and in accordance with this convention, the designations for phenotypes are 
also written in lower case. The proposed symbols are thus 7'rf* and Trf? for the two alleles, 
and Trf-a, Trf-ab and Trf-b for the three known phenotypes. The two previous and the 
newly proposed designations are summarized and compared in Table 1. In addition to use 
as phenotypic symbols, the symbols Trf-a and Trf-b are valuable as designations for the 
two differing proteins themselves. The convention introduced by Shreffler (1960), in 
designating the minor transferrin components, seems useful also. Thus the minor com- 
ponents previously designated as Trf-1’ and Trf-2’, would now become Trf-a’ and Trf-b’. 
The still faster and fainter minor components detected by Cohen (1960) would be Trf-a’” 


and Trf-b’. 
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Table 1. Summary of revised and former nomenclature systems 


Designations Revised Cohen (1960) Shreffler (1960) 
(i) of Alleles 
In CBA lines Trf@ TrfA Trf} 
In other lines Trf® TrfB Trf2 
(ii) of Genotypes and the corresponding Phenotypes 
Trf@/Trf@ Trf-a TrfA Trf-1 
Trf*/Trf® Trf-ab TrfAB Trf-1-2 
Trf?/Trf® Trf-b TrfB Trf-2 


If new electrophoretic types of transferrins are found, these should be designated alpha- 
betically in order of discovery. If the same letter should happen to be assigned to two 
different types, these might be distinguished by prefacing the duplicated letter with 
another, designating, for example, the laboratory which reported it. Thus, Tf” and Trf*, 
Trf-he and Trf-jc could be used for two different hypothetical variants found at Harwell 
and Jackson laboratories, and both initially designated Trf-c. If variant types should be 
recognized upon other criteria than electrophoretic mobility, these may be simply handled 
by adding number subscripts for the new phenotypes to the letter designating the electro- 
phoretic mobility of the protein, and number suffixes to the allelic superscript. For ex- 
ample, if Trf-b should be found divisible into two groups on the basis of antigenic differ- 
ences, the appropriate phenotypic symbols should be Trf-b, and Trf-bg, and the allelic 
symbols, 7'rf?! and T'rf’2. Such usage is in accordance with the rules previously cited, and 
has been the basis for our choice of letter symbols for this system. 

It is suggested that the system of nomenclature proposed here could serve as a model 
for nomenclature in other protein variant systems in the mouse. Other systems have 
already been found (Cohen, Shreffler, unpublished) and still others will doubtless be 
detected in the future. 

For the information of those who may wish to use the transferrin system, we have listed 
in Table 2 the lines which we have screened to date, and the alleles found in them. 


Table 2. Inbred lines and sublines classified for transferrin type 


Line Allele Line Allele 
A/Jax b A/Fa b 
A/HeJax b A/Lab b 
AKR/Jax b A/2GLab b 
BALB/cJax b AKR/Lab b 
CBA/Jax a BALB/cLab b 
C3H/?* b C3H/HeLab b 
C57BL/6Jax b CBA/Fa a 
C57BL/10Gn-lu b CBA/Lab a 
C57Br/cdJax b C57BL/Fa b 
DBA/1lJax b C57BL/Lab b 
DBA/2Jax b C57BL/6Lab b 
RF/Jax b C57BR/cdLab b 
WB/Re b C57L/Lab b 
WC/Re b CE/Lab b 

KL/Fa b 
RITI/Fa b 
Ju/Fa b 


* Commercially obtained, subline not known. 
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